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ABSTRACT 
Modeling and Simulations of Carbon Nanotube (CNT) Dispersion in 
Water/Surfactant/Polymer Systems 
Nasir M. Uddin 
Franco M. Capaldi, Ph. D. and Bakhtier Farouk, Ph. D. 
 
 An innovative multiscale (atomistic to mesoscale) model capable of predicting 
carbon nanotube (CNT) interactions and dispersion in water/surfactant/polymer systems 
was developed. The model was verified qualitatively with available experimental data in 
the literature. It can be used to computationally screen potential surfactants, solvents, 
polymers, and CNT with appropriate diameter and length to obtain improved CNT 
dispersion in aqueous medium. Thus the model would facilitate the reduction of time and 
cost required to produce CNT dispersed homogeneous solutions and CNT reinforced 
materials.  
 CNT dispersion in any water/surfactant/polymer system depends on interactions 
between CNTs and surrounding molecules. Central to the study was the atomistic scale 
model which used the atomic structure of the surfactant, solvent, polymer, and CNT. The 
model was capable of predicting the CNT interactions in terms of potential of mean force 
(PMF) between CNTs under the influence of surrounding molecules in an aqueous 
solution. On the atomistic scale, molecular dynamics method was used to compute the 
PMF as a function of CNT separation and CNT alignment. An adaptive biasing force 
(ABF) method was used to speed up the calculations. Correlations were developed to 
determine the effective interactions between CNTs as a function of their any inter-atomic 
distance and orientation angle in water as well as in water/surfactant by fitting the 
calculated PMF data.  On the mesoscale, the fitted PMF correlations were used as input 
  
 
xxii 
in the Monte Carlo simulations to determine the degree of dispersion of CNTs in water 
and water/surfactant system. The distribution of CNT cluster size was determined for the 
CNTs dispersed in water with and without surfactant addition.  
 The entropic and enthalpic contributions to the CNT interactions in water were 
determined to understand the dispersion mechanism of CNTs in water. The effects of 
CNT orientation, length, diameter, chirality and surfactant concentrations and structures 
on CNT interactions in water were investigated at room conditions. CNT interactions in 
polymer solution were also investigated with polyethylene oxide (PEO) polymer and 
water as a solvent. In all cases, the atomic arrangement of molecules was discussed in 
detailed. Simulations revealed that CNT orientation, length, diameter, and addition of 
surfactant and its structures can significantly affect CNT interactions (i.e., PMFs varied 
significantly) and in-turn the degree of CNT dispersion in aqueous solution. For all 
simulation cases, a uniform sampling was achieved by using the ABF method to calculate 
the governing PMF between CNTs indicating the effectiveness and convergence of the 
adaptive sampling scheme. The surfactant molecules were shown to adsorb at the CNT 
surface and contribute to weaker interactions between CNTs which resulted less CNT 
aggregate size at the mesoscale. Surfactant consisting with a benzene ring contributed 
much weaker interactions between CNTs as compared with that of without benzene ring. 
The increase in CNT length contributed the stronger CNT interactions where the increase 
in CNT diameter caused weaker CNT interactions in water. The interfacial characteristics 
between the CNT, surfactant and the polymer were also predicted and discussed. The 
model can be expanded for more solvents, surfactants, and polymers.  
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1 
 
 
1. INTRODUCTION 
 
1.1 Background 
The discovery of carbon nanotubes (CNTs) by Iijima in 1991 has lead to a new 
class of engineered composite nanomaterials with superior properties (Iijima 1991). 
Among the two types of CNTs, SWNTs (Single Walled Nanotubes) are predicted to have 
higher mechanical properties such as Young’s modulus (E ≅1TPa), failure strength 
(σ≅100GPa), and strain at failure (ε ≅ 5.8%) whereas MWNTs (Multi Walled Nanotubes) 
are predicted to have E ≅ 800GPa, σ ≅10GPa, ε ≅ 5% respectively (Thess 1996; Ajayan 
1999; Salvetat 1999; Demcyk 2004). With the outstanding beneficial characteristics, 
CNTs can be used for a wide range of applications in biomedical, nanocomposite, 
electronics, optics, and sensing. However, current techniques of CNT fabrication cannot 
produce homogenous CNTs, and this prevents the widespread use of CNTs.  
In case of polymer nanocomposite application, incorporating small volume 
fractions of CNTs within a polymer matrix may lead to increased stiffness, improved 
electrical conductivity, and modified permeability. However, experimental studies have 
shown that aggregation and improper orientation of CNTs in the polymer matrix can 
degrade the ultimate properties and performance of the composite significantly (Zhuang, 
Sui et al. 2006) (Dror, Salalha et al. 2003; Ko, Gogotsi et al. 2003) (Xu, Razeeb et al. 
2008). In order to maximize the improvement in material properties with a minimum 
quantity of CNT, one must carefully control the dispersion of CNTs within the polymer 
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matrix. In addition to this, most of the CNT applications require pure and well isolated 
individual CNTs.  
There are mainly two approaches to obtain good quality dispersion - chemical 
functionalization and physical interactions (Wang 2009). The chemical functionalization 
technique has been found effective but deteriorates the intrinsic properties of CNTs 
through the introduction of defects on the wall (Wang, Wu et al. 2003). Physical blending 
approaches with the ultrasound and high speed shearing have been proven capable of 
debundling CNTs and stabilizing individual CNTs while maintaining their integrity and 
intrinsic properties (J, M.S.P. et al. 1999; Qian, Dickey et al. 2000; Xie, Maia et al. 2005; 
Wang 2009). The main drawback of the physical blending approaches is the aggregation 
of CNTs due to van der Waals attractions which might cause lowering the efficiency of 
load transfer. From experimental investigation, researchers found that surfactants can be 
used as a dispersing agent to thwart CNT agglomeration and to improve the dispersion of 
CNTs in the aqueous solution (Gong, Liu et al. 2000; O'Connell, Boul et al. 2001). Xie et 
al. (Xie, Maia et al. 2005) showed that adding effective surfactant enhances the 
dispersion quality of CNTs in the matrix and served as an adhesive to increase their 
interfacial bond strength. The needs of various applications demand more effective CNT 
dispersion, which depends on interactions between CNTs and surrounding molecules in 
the aqueous solution. The understanding of surfactant-aided CNT dispersion may fulfill 
these demands towards reliable processes for building CNT-based electronic devices and 
exploring their biological applications, as well as incorporating CNTs in matrix materials 
to form effective nanocomposites (Wang 2009) (Dror, Salalha et al. 2003; Ko, Gogotsi et 
al. 2003; Zhuang, Sui et al. 2006). Further, it is likely that the molecular architecture of 
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the surfactants may determine how individual surfactants adsorb on CNTs of given 
diameter, length, and chirality and may affect CNT interactions to design selectively 
stabilize CNTs in aqueous suspensions(Tummala and Striolo 2009).  
As the scientific community develops the ability to obtain uniform surfactant-aided 
carbon nanotube (CNT) dispersion, the detailed atomic arrangements and atomic 
interactions become significant in understanding and perfectioning the dispersion 
procedure. A quantitative predictive tool is essential to understand the arrangements and 
interactions between CNTs and surrounding molecules in different dispersion systems. 
Using multi-scale simulations, the interaction between CNTs can be quantified and the 
influence of CNT length, diameter and the presence of other molecules (i.e., solvent, 
surfactant, and polymer), temperature, and pressure may all be investigated.  Ultimately, 
this will give us the ability to tailor dispersion to fit the application requirements. 
In this thesis, a multiscale modeling technique is considered to understand the 
surfactant aided dispersion process of carbon nanotube especially for polymer 
nanocomposite and biological applications. The thesis first focuses on the detailed atomic 
arrangements and interactions of carbon nanotubes in different dispersion systems 
(water/surfactant/polymer). Here, the interactions between CNTs are quantitatively 
studied. Then, the mesoscopic interactions between large numbers of CNTs are 
considered to quantify the surfactant aided CNT dispersion in aqueous solution. An 
experimental study of CNT dispersion in polymer nanocomposite fiber is also explored. 
 
4 
 
 
1.2 Motivation for Present Research 
 The optimum surfactant aided CNT dispersion in aqueous medium is the key to 
obtain desired polymer nanocomposite as well as for other potential applications. 
Understanding the dispersion characteristics with detailed atomic interactions and 
arrangements is crucial. The availability of models that can predict dispersion 
characteristics with detailed chemical structure and properties will be of great value in the 
design of any CNT reinforced polymer nanocomposite materials for industrial 
applications.  
 There are various experimental studies to understand the surfactant aided CNT 
dispersion in aqueous medium where there are very few computational studies available. 
Due to experimental limitations at the nanoscale to elicit connections between chemical 
structure and properties, experimental studies cannot provide the detailed structural 
information about CNT/surfactant/polymer arrangements and their interactions in 
aqueous solutions. Experimental studies can only hypothesize and suggest about these 
phenomena.  
 The computational studies need to consider the detailed atomistic interactions 
between CNTs in aqueous medium. In these studies, the effective interactions between 
CNTs need to be characterized as a function of CNT orientation and inter-atomic distance 
in aqueous medium in order to accounts for energetic interactions and the entropic effects 
as well as solvent/surfactant effects on CNT interactions. Moreover, the mesoscopic 
studies are also necessary as the CNT dispersion has multiple length scale characteristics 
and the validation of computational model is needed also.  
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 Though a number of atomistic models were developed to elucidate the dispersion 
phenomenon, none of them provided useful potential of mean force information for 
implementing coarse-grained models that will allow us to calculate the equilibrium 
adsorption isotherms for different commonly used surfactants on single walled nanotubes 
(SWNTs) with various diameters and lengths. More detailed multi-scale simulations are 
needed to clearly understand the dispersion characteristics of CNTs in polymer aqueous 
medium. 
 The additional molecular-level information must seek to investigate the dispersion 
mechanism at the atomistic level. Solvent induced as well as entropic and enthalpic 
contributions to the CNT interaction would help to understand the dispersion mechanism 
(i.e., CNT aggregation characteristics). Radial distribution function and mean squared 
displacement for the molecules of interests need to be evaluated also in order to 
investigate the structural transformation in CNT dispersion in water/surfactant/polymer 
systems. Overall, a detailed atomistic and mesoscopic modeling study of surfactant-aided 
CNT dispersion in aqueous medium would enable to design optimum CNT dispersion for 
various applications.  
 
1.3 Objectives 
In this study, atomistic simulations are carried out to predict the effective 
interactions between carbon nanotubes as a function of their orientation and distance in 
different aqueous solutions (water/surfactant/polymer). These simulations provide the 
detailed structural information about CNT/surfactant/polymer arrangements and 
interactions in aqueous solutions. Mesoscopic simulations are also carried out to 
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determine the behavior and aggregation of multiple carbon nanotubes in 
solvent/surfactant systems. The methodology uses the potential of mean force as a 
function of CNT separation and alignment computed in the atomistic simulations. 
Surfactant aided CNT dispersion and alignment in polymer nanocomposite fiber is 
explored via an experimental study. Several problems related to surfactant-aided CNT 
dispersions in polymer aqueous solutions are investigated:  
 Develop atomistic models using molecular dynamics method to understand 
surfactant aided CNT dispersion. The dispersion of CNTs in water in the 
presence of surfactant is predicted by determining the potential of mean force 
(PMF) that governs the interactions between CNTs. In these systems 
(CNT/water/surfactants, there is a clear connection between atomic structure of 
the surfactant, water, and the attraction between neighboring CNTs. We 
discretize the possible values of two CNT orientation angles (φ and θ) and 
calculate free energy differences along a path from r = ∞ to  r = 0  (here r 
indicates the distance between the center of mass of CNTs). Then by conducting 
simulations for each distinct pair of φ and θ, we reconstruct the effective 
potential. In each simulation, we fix the position and orientation of the carbon 
nanotubes in the presence of a mobile solvent/a surfactant and determine the 
constraint forces required to hold the molecule in place. We achieve the goal in 
three stages: 
o PMF between CNTs as a function of r and θ in presence of water 
o PMF between CNTs as a function of r, and θ in presence of 
water/surfactant 
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o PMF between CNTs as a function of r, θ, and φ in presence of water 
o PMF between CNTs as a function of r, θ, and φ in presence of 
water/surfactant. 
 Determine the effect of CNT length, diameter, chirality, and surfactant 
structures on CNT interactions in water.  
 Determine the enthalpic and entropic contributions to the CNT interactions 
 Determine the effective interactions between CNTs in polymer solution. 
 Develop a mesoscopic model based on the calculated PMF from atomistic 
model using Monte Carlo method for the prediction of CNT dispersion in the 
equilibrium solution of surfactant/solvent systems.   
 Validate the computational predictions of surfactant aided CNT dispersion in 
aqueous solution. 
 Experimentally explore the surfactant-aided CNT dispersion and alignment in 
polymer matrix.  
 
1.4 Outline of the Thesis 
The remaining chapters of the thesis are organized as follows. In Chapter 2, a 
detailed review of relevant literature on different important aspects of carbon nantobe 
(CNT) dispersion in aqueous medium is described. Computational methodology adopted 
to develop atomistic and mesoscopic models are described in Chapter 3.  Chapter 4 is 
devoted to the atomistic investigation of CNT interactions in water system. The effective 
potential of mean forces (PMFs) between CNTs in this system are determined and 
presented with detailed atomic structures. Chapter 5 describes the effect of surfactant 
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addition and surfactant structures on CNT interactions in water in terms of PMF. The 
presentation of the comparison of computational and available experimental results in the 
literature is also given in Chapter 5. The developed generalized correlations of calculated 
PMFs are also presented both in Chapter 4 and 5.  Chapter 6 focuses on the CNT 
interactions and in turn dispersion in polymer solution. The mesoscopic simulations of 
CNT aggregation in water with/without surfactant are given in Chapter 7. Chapter 8 
describes an experimental study showing a pathway to translate the outstanding 
properties of CNT to a polymer structure. In this study the surfactant aided CNT 
dispersion and alignment in polymer matrix is explored. Conclusions from the present 
study and the contributions of the thesis, along with recommendations for future research, 
are discussed in Chapter 9.  
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2. LITERATURE REVIEW  
 
2.1 Overview 
In this chapter of the thesis, the relevant literature on different important aspects of 
carbon nantobe (CNT) dispersion is reviewed. The outstanding properties of different 
types of CNTs are given first following with different CNT dispersion techniques. The 
section continues with the review of the literature on surfactant-aided CNT dispersion for 
polymer nanocomposite and biological applications. Finally, specifically numerical 
studies to understand and to quantify the CNT dispersion in aqueous solutions are 
reviewed. 
 
2.2 Carbon Nanotubes (CNTs) 
CNTs are rolled graphene sheets of hexagonal array of the carbon atoms with the 
diameter ranging from a few angstroms to several tens of nanometers. It is believed that 
the discovery of CNT has initiated the era of nanotechnology and has become of keen 
interest to materials scientists. 
In 1993, Ijima discovered single wall carbon nanotubes (SWNT). SWNTs were 
synthesized by adding metal catalyst particles to the carbon electrodes and then a large 
electric field was used to create an electric arc which provided the energy to form the 
10 
 
 
SWNT (Iijima and Ichihashi 1993). The structure of a SWNT is presented in Figure 2.1. 
 
                     Figure 2.1:  Structure of SWNT 
 
Structurally, SWNT and MWNT are similar except that MWNT are composed of 
more than one wall arranged concentrically like ring of tree trunk as shown in Figure 2.2.  
The layers are held together by weak van der Waals bonds. MWNTs are larger in 
diameter and can range from several nanometers to hundreds of nanometers in diameter. 
One of the most distinctive properties are the large aspect ratios of >100 to as high as 
10,000 depending on synthesizing method, this corresponds to lengths in the micro range.   
 
Figure 2.2: Computational image of MWNT 
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CNT structures can be produced with very low defects which mean they can meet 
or exceed the theoretical in plane mechanical properties of graphite.  A range of tensile 
moduli (0.4 – 5 TPa) and tensile strengths (37 – 200 GPa) have been reported. A 
comparison of Young’s modulus and thermal conductivity of carbon nanotubes estimated 
by various groups of researchers is provided in Tabe 2.1. It is generally accepted that 
Young’s modulus of SWNT is ~1 - 1.2 TPa, tensile strength of ~37 GPa at a failure strain 
of ~6%(Salvetat-Delmonte and Rubio 2002).  The values for MWNT are slightly lower at 
E~800GPa, σ~10GPa, ε~5% (Thess 1996; Ajayan 1999; Salvetat 1999).  The most 
important feature when dealing with composites for most application is the 
strength/modulus to weight ratio.   
 
Table 2.1 Comparison of the Young's moduli and thermal conductivity, k of carbon 
nanotubes estimated by various researchers.  
 
Authors E 
(TPa) 
K 
(W/m.K) 
Year Method 
Lu (Lu 1997) 1.0 -- 1997 Molecular Dynamic 
Changa and Gao(Changa 
and Gao 2003) 
1.325 -- 2003 Molecular Dynamic 
Krishnan et al.(Krishnan, 
Dujardin et al. 1998) 
1.25 --- 1998 Theoretical 
Li and Chou (Li and 
Chou 2003) 
1.05 -- 2003 Finite Element Modeling 
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Yu et al. (Yu, Files et al. 
2000) 
0.27-
0.95 
-- 2000 Experimental 
Berber et al.(Berber, 
Kwon et al. 2000) 
--- 6600   Molecular Dynamic 
Hone et al.(Hone, 
Whitney et al. 1999) 
--- 1750–
5800 
 
1999 Experimental 
 
 
2.3 CNT Reinforced Polymer Nanocomposite 
 Interest in polymer nanocomposite has been intensified by the desire to create 
novel materials by utilizing the outstanding properties of CNT mentioned in section 
1.2.1. One of the promising applications of polymer nanocomposite is the CNT-
reinforced ultra-fine fiber via electrostatic generation of ultrafine polymer fibers 
(“electrospinning”) which has been known since the 1930’s (Formhals 1934). Today, 
polymer fibers with nanometer diameter can be produced inexpensively using the 
electrospinning technology. With diameters less than 100 nm (Reneker and Chun 1996), 
these fibers are being investigated for use in drug delivery systems (Kenawy, Bowlin et 
al. 2002), structural composites (Ge, Hou et al. 2004), energy storage (Baughman, Zhang 
et al. 2004), and improved functional garments (Laxminarayana and Jalili 2005). These 
applications require improved fiber strength, thermal conductivity, and electrical 
conductivity. Incorporating carbon nanotubes (CNTs) within electrospun fibers offers the 
possibility of simultaneously improving all three of these properties.  
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 The electrospinning process involves the dispersion of CNTs in polymer solution 
which is also a common initial procedure of obtaining polymer nanocomposite. The level 
of improvement in the composite materials has been shown to depend on the degree of 
dispersion and orientation of CNT in the matrix. CNTs provide theoretical strength to 
weight ratios that are one order of magnitude larger than any other high performance 
fiber. Modulus increases in an electrospun fiber of 130% have been demonstrated with 
just 4 weight percent of CNT (Ko, Gogotsi et al. 2003). Recently, there has been some 
success using this method to introduce carbon nanotubes into the electrospun fibers 
(Dror, Salalha et al. 2003; Kim, Lee et al. 2006; Lim, Lee et al. 2006). It has been clear 
shown that the morphology of the matrix and embedded CNTs are highly dependent on 
the solvents used and control over the degree of dispersion of the CNTs in the solvent is 
not readily achievable (Dror, Salalha et al. 2003; Kim, Lee et al. 2006; Lim, Lee et al. 
2006).   
 Xie et al. (Xie, Maia et al. 2005) reviewed the dispersion and alignment of CNTs 
in polymer matrix. They found that the critical challenge is the development of means 
and ways to promote and increase the dispersion and alignment of CNTs in the matrix. 
Enhanced dispersion of CNTs in the polymer matrix, which is mainly dependent on the 
liquid state dispersion, will promote and extend the applications and developments of 
polymer/CNT nanocomposites.    
  
2.4 Dispersion of CNTs in Polymer Matrix 
In order to fully transfer of unique CNT properties to polymer matrix as effective 
reinforcements in high strength composites, CNTs should not form aggregates and must 
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be well dispersed to prevent slippage and to increase interfacial bonding. There are 
several techniques to improve the dispersion of CNTs in polymer matrices, such as by 
optimum physical blending (noncovalent attachment of molecules) and covalent 
attachment of functional groups to the walls of the nanotubes by in-situ polymerization 
and chemical functionalization (Liu 2005; Xie, Maia et al. 2005). Under physical 
blending there are three commonly used methods – ultrasonication, ball-milling, and melt 
mixing. The ultrasound and high speed shearing is the most convenient way to improve 
the dispersion of CNT in polymer matrix (J, M.S.P. et al. 1999; Qian, Dickey et al. 2000). 
Jin et al. showed that adding effective compatibilizer such as poly(vinylidene fluoride) 
(PVDF) enhances the dispersion of CNTs in the matrix and served as an adhesive to 
increase their interfacial bond strength. The drawback of the physical blending method is 
the aggregation of CNT due to van der Waals attractions which is shown in Figure 2.3. 
These aggregations might cause lowering the efficiency of load transfer. From 
experimental investigation, researchers found that surfactants can be used as a dispersing 
agent to thwart CNT agglomeration and to improve the dispersion of CNTs in processing 
polymer/CNT composites.  
Gong et al. (Gong, Liu et al. 2000) achieved improved dispersion of CNTs in 
epoxy by adding polyoxyethylene-8-laury as a surfactant and found that the thermo 
mechanical properties of the composites improved by 30%. O’Connell et al. (O'Connell, 
Boul et al. 2001) also used a surfactant assisted dispersion technique to reduce the van 
der Waals forces via disruption of the uniformity of the tube surface by wrapping it with 
a linear polymer such as polyvinylpyrrolidone (PVP) or polystyrene sulfonate (PSS) as 
illustrated in Figure 2.4. 
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Figure 2.3: TEM micrograph of MWNTs suspended in methanol (Dror, Salalha et al. 
2003) 
 
Figure 2.4: Possible wrapping arrangement of PVP on an (8, 8) SWNT (O'Connell, Boul 
et al. 2001) 
Wang et al. (Wang, Wu et al. 2003) showed that chemical functionalization 
method is an efficient way to improve the dispersion of the nanotubes but there are some 
serious disadvantages with breaking up the tubes into smaller pieces as shown in Figure 
2.5. They concluded that chemical functionalization may improve the efficiency of load 
transfer but introduce defects on the wall which will lower the strength of the reinforcing 
component. Liu also noted that attaching functional groups might introduce defects on 
the walls of the perfect structure of the nanotubes. 
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Figure 2.5: TEM photographs of the CNT samples. (a) MWNT (b) after chemical 
treatment of MWNT (Wang, Wu et al. 2003) 
 
2.5 Computational Study on CNT Dispersion 
2.5.1 Atomistic Modeling 
 Moulin et al. (Moulin, Devel et al. 2005) used molecular dynamics simulations to 
quantify the response of a finite size nanotube surrounded by the water molecules as 
shown in Figure 2.6. The response was calculated in a self-consistent way at each step of 
the simulation, leading to the evaluation of the energy and forces coming from the 
electrostatic interaction between the dipoles induced on the nanotube by the water 
surrounding and the set of charges accounting for the permanent electric moments of 
these water molecules. Their results show that the polarization of the nanotube is 
negligible when it is completely immersed in liquid water at 298 K. 
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Figure 2.6: Snapshot of the atoms issued from the simulation of the (8,4) nanotube in 
water at 298 K: (a) top and (b) side views of the simulation box (Moulin, Devel et al. 
2005). 
 Carbon nanotubes, unmodified (pristine) and modified through charged atoms, 
were simulated in water, and their water conduction rates determined by Zhu and 
Schulten(Zhu and Schulten 2003) as shown in Figure 2.7. The conducted water inside the 
nanotubes was found to exhibit a strong ordering of its dipole moments. In pristine 
nanotubes the water dipoles adopt a single orientation along the tube axis with a low 
flipping rate between the two possible alignments. Modification can induce in nanotubes 
a bipolar ordering as previously observed in biological water channels. 
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Figure 2.7: Unit cell of a system of twelve carbon nanotubes and 1540 water 
molecules. Carbon nanotubes and conducted water molecules (inside the tubes) 
are rendered through VDW spheres; bulk water is rendered through thin lines 
(Zhu and Schulten 2003). 
Walther et al. (Walther, Jaffe et al. 2007) studied the structural properties of water 
surrounding a carbon nanotube using molecular dynamics simulations. The interaction 
potentials involved a description of the carbon nanotube using Morse, harmonic bending, 
torsion, and Lenard-Jones potentials. The water was described by the flexible Simple 
Point Charge (SPC) and the carbon-water interactions include a carbon-oxygen Lenard-
Jones potential, and an electrostatic quadrupole moment acting between the carbon atoms 
and the charge sites of the water. Vibration of the breathing mode of the carbon nanotube 
in water is inferred from the oscillations in carbon-carbon van der Waals energy, and the 
inverse proportionality between the radius of the carbon nanotube and the breathing 
frequency is in good agreement with experimental values. The results indicated that 
under the present conditions, the presence of the water has a negligible influence on the 
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breathing frequency. The water at the carbon-water interface was found to have a HOH 
plane nearly tangential to the interface, and the water radial density profile exhibits the 
characteristic layering also found in the graphite-water system. They considered the 
process of introducing a CNT into water. In this process, energy changes coming from 
carboncarbon, carbon-water, and water-water interactions were calculated and analyzed 
separately. The water-water interactions which reflect the cavity creation energy are 
found to be the most important contribution as shown in Figure 2.8. 
 
Figure 2.8: Snapshot of the atoms for the simulation of a carbon nanotube in 
water (Walther, Jaffe et al. 2007). 
 Xu et al. (Xu, Yang et al. 2008) have performed MD simulations to investigate 
the free energy profiles for a single surfactant to transfer from bulk solution phase to 
solid surfaces. A coarse-grained surfactant/solvent system with both the solvent-philic 
surface and the solvent-phobic surface was studied. The thermodynamics features of 
surfactant adsorption were clarified on the basis of the free-energy analysis. The free 
energy profile for surfactant approaching the surface is determined by a remarkably fine 
balance between the opposing entropy and enthalpy terms. The stabilization of surfactant 
adsorption behavior is mainly enthalpically dominated. Decomposing the full potential of 
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mean force, PMF (and its entropic and enthalpic components) into the solvent-induced 
contribution and the surface−surfactant interaction contribution has distinguished the 
effect of surface and solvent on the PMF. The solvent-induced term to the full PMF is 
found to show a monotonic increase as the surfactant approaches surface, indicating a 
highly repulsive contribution. This unfavorable solvent contribution can be interpreted in 
terms of the interfacial solvent layer effect. The interplay of the repulsive solvent 
component and the attractive surface component of the full PMF is responsible for the 
microscopic adsorption behavior of surfactant on the surfaces. For both the solvent-philic 
surface and the solvent-phobic surface, the adsorption PMF for the surfactant becomes 
more favorable with increasing surfactant−surface interaction ( Us-w). However, the 
solvent−surfactant interaction (Us-c) shows a contrasting influence on the adsorption 
PMF; i.e., an increase in the interaction (Us-c) leads to a less favorable contribution to the 
PMF. 
 The hydration and water-induced interaction between carbon-based nanoparticles, 
single-walled carbon nanotubes, and graphene sheets were studied by Li et al. (Li, 
Bedrov et al. 2006) (Figure 2.9). The hydration of these nonpolar carbon nanoparticles 
did not exhibit classical hydrophobic character due to the high density of surface atoms 
(carbon) resulting in strong water-surface dispersion interactions. Water was found to wet 
the nanoparticle surfaces independent of nanoparticle surface curvature, with the decrease 
in the extent of water-water hydrogen bonding with decreasing surface curvature being 
offset by stronger water-surface interactions. While all carbon nanoparticles investigated 
are anticipated to aggregate in water due to strong direct nanoparticle-nanoparticle 
interactions, the water-induced interactions between nanoparticles were found to be 
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repulsive and, in contrast to the wetting behavior, were observed to exhibit strong 
dependence on surface curvature. The strength of the water-induced interaction between 
carbon nanoparticles was found to correlate well with the number of hydration water 
molecules displaced upon particle aggregation, which, relative to the amount of direct 
nanoparticle-nanoparticle contact engendered upon aggregation, decreases with 
decreasing surface curvature. 
 
Figure 2.9: Carbon nanoparticles employed in the simulation studies (Li, Bedrov et al. 
2006). 
 Tummala and Striolo (Tummala and Striolo 2008) simulated aqueous SDS 
surfactants at contact with (6,6), (12,12), and (20,20) single-walled carbon nanotubes 
(Figure 2.10). Within these substrates, the carbon atoms, treated as Lennard-Jones 
spheres, were maintained rigid throughout the course of the simulations. They showed 
that the morphology of the surfactant aggregates strongly depends on the nanotube 
diameter, as well as on the surface coverage. 
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Figure 2.10: A representative snapshot for SWNT covered by SDS surfactants (Tummala 
and Striolo 2008). 
 Pang et al. (Pang, Xu et al. 2009) used both experimental method and molecular 
dynamics simulation to investigate dispersing CNTs in aqueous solutions by Ag-64 
nonionic surfactant (Figure 2.11). The results of the surface tension measurement 
suggested that huge amounts of Ag-64 molecules were adsorbed on CNTs, while the 
results of the UV–vis–NIR, Raman spectra and HR-TEM measurement indicated that the 
Ag-64 could well disperse CNTs. Thereby, they considered the silicon surfactant, Ag-64, 
was an effective dispersing agent for CNTs in the aqueous solution. In MD study, they 
considered only one CNT and calculated radial distribution function (RDF), which 
describes the structure of the system, between CNT and Ag-64 molecule.  
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Figure 2.11: Snapshots of the configuration of the SWNT/Ag-64 system: (a) 0 ps, (b) 
500 ps (Pang, Xu et al. 2009) 
 
2.5.2 Mesoscopic Modeling 
Tucknott et al. (Tucknott and Yaliraki 2002) used a metropolis based Monte Carlo 
scheme to study carbon nanotube alignment on a free surface in a vacuum, Figure 2.12. 
With their basic potential function, they were able to map aggregation on a surface as a 
function of carbon nanotube composition.  
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Figure 2.12: Carbon nanotube aggregation on a surface in vacuum as a function of 
carbon nanotube concentration (Tucknott and Yaliraki 2002) 
 
 Angelikopoulos et al. (Angelikopoulos, Gromov et al. 2010) studied the 
dispersions of single-wall carbon nanotubes (SWCNTs) in surfactant solutions below the 
critical micelle concentration (cmc) theoretically and experimentally. Dissipative particle 
dynamics (DPD) simulations of a coarse-grained model predict that surfactant adsorption 
on small diameter tubes is dominated by aggregation of the surfactant molecules into 
adsorbed micelles at C ≈ 0.3Ccmc (Figure 2.13). They also found that the surfactant 
adsorption is nearly complete at a concentration of around C ≈ 0.5Ccmc. Further increase 
of the surfactant concentration has only minor effects on the radial density of surfactant 
headgroups, indicating that SWCNT may be fully stabilized in solutions below the cmc. 
SWCNT dispersions in solutions of anionic surfactants sodium dodecyl sulfate (SDS) and 
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sodium dodecylbenzenesulfonate (SDBS) below the cmc show a significant fraction of 
dispersed individual tubes and small bundles, in agreement with the model calculations. 
 
Figure 2.13: Simulation box showing the CNTs are positioned on the far right side of the 
box and are partially covered with surfactant molecules (Angelikopoulos, Gromov et al. 
2010). 
 
2.6 Experimental Studies on Surfactant-aided CNT Dispersion in Aqueous Medium 
 
Sun et al. (Sun, Nicolosi et al. 2008) produced stable SWNT dispersions using six 
common surfactants. By measuring the fraction of nanotubes remaining after 
centrifugation as a function of surfactant concentration, they found the optimum 
surfactant concentration to be close to 10 mg/mL in all cases. All six surfactant−NT 
dispersions displayed aggregation/debundling behavior that depended on the nanotube 
concentration. According to their study, the quality of surfactant− anotube dispersions 
depends critically on the magnitude of the electrostatic repulsion between surfactant-
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coated nanotubes. They suggested that dispersion quality could be significantly improved 
by using surfactants that coat the nanotubes effectively.   
Moore et al. (Moore, Strano et al. 2003) tested a series of anionic, cationic, and 
nonionic surfactants and polymers for their ability to suspend individual single-walled 
nanotubes in aqueous media. The surfactants were compared with respect to their ability 
to suspend individual SWNTs and the quality of the absorption and fluorescence spectra. 
They found that the ionic surfactants, sodium dodecylbenzene sulfonate (SDBS) gave the 
most well resolved spectral features. They concluded that a nonionic surfactant or 
polymer's ability to suspend nanotubes appears to be due mostly to the size of the 
hydrophilic group, with higher molecular weights suspending more nanotube material 
because of enhanced steric stabilization with longer polymeric groups. By tailoring a 
surfactant or polymer's head and tail groups one can tailor the suspendability of 
nanotubes and the spectral properties of those suspensions to fit specific applications. The 
ability to suspend nanotubes as individuals with various surfactants in water opens the 
door for material engineers, biomedical researchers, and others to incorporate individual 
nanotubes into a variety of water-based chemical environments.  
Strano et al. (Strano, Moore et al. 2003) studied the ionic surfactant-assisted 
dispersion of single-walled carbon nanotubes in aqueous solution by Raman and 
fluorescent spectroscopy during ultrasonic processing. During the process, an equilibrium 
was established between free individuals and aggregates or bundles that limited the 
concentration of the former that was possible. They found that the mechanism of 
dispersion was postulated as the formation of gaps or spaces at the bundle ends in the 
high shear environment of the ultrasonicated solution. Surfactant adsorption and diffusion 
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then propagated that space along the bundle length, thereby separating the individual 
nanotube. The former was found to be controlling, with the use of a derived kinetic 
model for the dispersion process and extraction of the characteristic rate of nanotube 
isolation. 
Wang et al. (Wang, Lianga et al. 2004) developed a method to fabricate 
nanocomposites with preformed SWNT networks and high tube loading. SWNTs were 
first dispersed in water-based suspension with the aid of surfactant and sonication. 
Through a filtration process, SWNTs were fabricated into thin membranes called 
buckypapers to form networks of SWNT ropes. The tube/resin impregnation of the 
produced buckypaper was realized by infiltrating acetone diluted epoxy resin (Epon 
862/EPI Cure W system) along the thickness direction. A hot press molding process was 
used for curing to produce the final nanocomposites of multiple layer buckypapers with 
high SWNT loading (up to 39 wt%).  
Matarredona et al. (Matarredona, Rhoads et al. 2003) investigated the effects of 
chemical modifications of the surface on the extent of nanotube−surfactant interaction. 
Such changes in the surface chemistry of the SWNT can be achieved by simply varying 
the pretreatment method, which can be acidic or basic. They found that intrinsic surface 
properties such as the PZC (point of zero charge) are greatly affected by the purification 
method. That is, the electrical charge of the SWNT surface varies with the pH of the 
surrounding media. They also found that during the adsorption of the anionic surfactant 
sodium dodecylbenzenesulfonate (SDBS) on SWNT Coulombic forces did not play a 
central role, but were overcome by the hydrophobic interactions between the surfactant 
tail and the nanotube walls. Only at pH values far from the PZC caused the Coulombic 
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forces to be important. The hydrophobic forces between the surfactant tail and the 
nanotube determined the structure of the surfactant-stabilized nanotubes. Finally, from 
the practical point of view, they suggested to optimize the use of surfactant by 
determining the minimum needed to suspend a given fraction of nanotubes under 
different conditions. 
Wang et al. (Wang, Zhou et al. 2004) investigated the dispersion of single-walled 
carbon nanotubes (SWNTs) in heavy water with the surfactant octyl-phenol-ethoxylate 
(Triton X-100) using small angle neutron scattering. The results indicate an optimal 
surfactant concentration for dispersion, which we suggest results from competition 
between maximization of surfactant adsorption onto SWNT surfaces and a depletion 
interaction between SWNT bundles mediated by surfactant micelles. The data show that 
the SWNTs in this study have a large incoherent scattering cross-section, implying that 
they may contain residual water and acid due to the purification process. This may play 
an important role in the dispersion of SWNTs with amphiphilic surfactants. The data also 
suggest an optimal surfactant concentration for dispersion, which we suggest results from 
competition between maximization of surfactant adsorption onto SWNT surfaces and a 
micelle-mediated depletion interaction between adjacent SWNT bundles. This latter 
effect drives the reentrant aggregation of SWNTs above a critical micellar volume 
fraction, leading to the general conclusion that the amount of surfactant, rather than the 
surfactant/SWNT mass ratio, is the more relevant parameter in controlling dispersion. At 
optimal dispersion, the surfactant adsorption ratio is ca. 0.004 mol/g, comparable to 
previous findings.  
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Priya and Byrne (Priya and Byrne 2008) reported the dispersion limit of HiPco 
single-wall carbon nanotubes (SWCNT) in 1% by weight sodium dodecyl benzene 
sulfonate (SDBS) assisted dispersions in water is reported. The starting concentration of 
the tubes in water surfactant solution was 5 mg/mL which was diluted sequentially by a 
factor of 2 down to 1.2 × 10-3 mg/mL. Sonication and centrifugation were performed to 
obtain a homogeneous dispersion of HiPco SWCNTs in water surfactant solution. 
Concentration-dependent absorption and Raman spectroscopic studies were used to 
analyze the SWCNTs behavior in water-based solution, and atomic force microscopy 
(AFM) was employed to examine the aggregation state of the nanotubes over the 
concentration range. Both spectroscopic techniques demonstrate a clear concentration 
below which the nanotube bundles become significantly dispersed in the solution. The 
concentration limit at which debundling starts was found to be 0.07 ± 0.03 mg/mL. 
 
2.7 Conclusions 
The homogeneous dispersion of CNTs in polymer matrix mainly depends on the 
dispersion methods adopted.  Mainly two approaches are discussed – noncovalent bond 
approach (physical blending with surfactant/ compatabilizer assisted sonication) and 
covalent bond approach (attachment of molecules by chemical functionalization and 
polymerization) and surfactant assisted. The study revealed that interfacial interaction 
and van der Waals forces are the most critical issues in carbon nanotube dispersion in 
polymer matrix. The simplest and most effective widely used method to enhance the 
dispersion and interfacial bonding of many polymer/CNT composites is the surfactant 
aided dispersion. A detailed molecular level study needs to be done to understand the 
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interactions among CNTs and also CNT/polymer molecules which would lead to design 
the experimental dispersion method. 
 The literature survey indicates that optimum surfactant aided CNT dispersion in 
aqueous medium is the key to obtain desired polymer nanocomposite as well as for other 
potential applications. Understanding the dispersion characteristics with detailed atomic 
interactions and arrangements is crucial. The modeling approach that can predict 
dispersion characteristics with detailed chemical structure and properties will be of great 
value in the design of any CNT reinforced polymer nanocomposite materials for 
industrial applications.  
 There are various experimental studies mentioned in this chapter to characterize 
the dispersion of CNTs in polymer matrix as well as for other applications. Very few 
computational studies conducted to quantify the degree of dispersion in the liquid state as 
well as in the final composite materials. Also, There is no study specifically targeting the 
surfactant aided CNT dispersion in liquid medium where it is the key challenge to utilize 
the outstanding properties of CNTs for many applications.  
 At the atomistic level, the free-energy profile for CNTs in various systems can be 
used to clarify the effect of various types of molecules interactions on the dispersion 
quality of CNT. Moreover, it can provide the information on surfactant adsorption 
behaviors. The detailed understanding of this surfactant adsorption on CNT surfaces is 
very critical for developing/selecting appropriate surfactant for optimum CNT dispersion. 
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3. COMPUTATIONAL METHODOLOGY  
 
3.1 Introduction 
The physical problem in understanding CNT dispersion in liquid medium has 
important features at multiple scales, particularly multiple spatial scales; a multiscale 
modeling technique is applied. This technique provides a molecular level picture of 
structure and dynamics from which we can establish property/structure relationships. 
Experiments often do not provide the molecular level information available from multi-
scale model. In this chapter, the computational methodology applied to understand the 
CNT dispersion in liquid state is described in this chapter. First, molecular dynamics 
method applied at the atomistic level studies to understand the interactions between 
CNTs and in turn dispersion in liquid systems is discussed. Then the Monte Carlo method 
for understanding mesoscale ordering between large numbers of CNTs in the liquid 
medium is discussed. Finally, the computational resources used to apply these methods 
for this study is described. 
 
3.2 Molecular Dynamics 
3.2.1 Introduction 
 Atomistic study uses empirical or ab initio derived force fields, together with 
semi-classical statistical mechanics to determine thermodynamic and transport properties 
of systems consisting of atoms/particles. There are two approaches that can be applied – 
deterministic and stochastic. We applied deterministic approach which is based on 
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molecular dynamics method. Molecular dynamics is a technique for following the 
progression of a system of atoms/particles through phase space. From a given set of 
initial conditions and interatomic potentials, one can generate the trajectories for 
particles. Properties can be calculated by averaging over the trajectories as below(Capaldi 
2005):  
∫=
t
dttAA
0
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ττ
          (3.1) 
where, A is the property of interest and   τ
 
is the time.  
In molecular dynamics the nuclear motion of the constituent atoms/particles can be 
treated using the laws of classical mechanics. If the classical equation of motion holds 
then the same equations of motion that govern macroscopic objects may be used to model 
the trajectories of atoms or molecules. By treating the atoms as localized point masses 
and assuming their interactions are captured in a potential function, one can use the 
below Newton's equations of motion to solve for the trajectories of these particles.  
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where, i
m
, i
r
, and iF are the mass, position vector, and forces of particle i as shown 
in the below Figure 12.  
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Figure 3.1: Particle i interacting with neighboring particles (j=1,….,7). 
 
3.2.2 iFDetermining Forces acting on an atom( ): 
Forces between different particles are derived from some analytical force model 
and can be written as the negative gradient of the potential, one can then write the 
equations of motion in the following form: 
     r
rU N
i 

∂
∂
=
)(F
    
(3.4)
 
where i
m
and Nr

are the mass and position of atom i respectively, N is the number 
of atoms in the simulation, { }N
N rrrrr  ,,.........,, 321=  and )(
NrU   is the potential which can 
be expressed as a function of all other atomic positions. A single atom will be affected by 
the potential energy functions of every atom in the system: 
• Bonded neighbors 
• Non-bonded atoms (either other atoms in the same molecule, or atoms from 
different molecules) 
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This potential that describes the atomistic interactions is the heart of molecular 
dynamics simulation. In the context of molecular mechanics, a ‘force field’ refers to the 
functional form and parameter sets used to describe the potential of a system of particles. 
Force field functions and parameter sets are in the empirical form or based on quantum 
mechanics approximations and are parameterized with ab initio or experimental data 
(2008). The general form of the force fields can be written as: 
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Where, br , bθ , and dφ  are actual values for bond length, bond angle, and dihedral 
angles. 0r , 0θ and γ are the corresponding equilibrium values and bK , θK ,  and φK , the 
associated force constants, n is the periodicity of the torsional potential. ijr  is the distance 
between the two nonbonded atoms i and j as defined by the below diagram. C, D, A, and 
B are the respective constants. iq  and jq are the charges on atom i and j and and ε  is the 
effective dielectric constant of the medium.  
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Figure 3.2: Bonded and non-bonded potentials between atoms  
There are several classical force fields such as CHARMM (Chemistry at HARvard 
Molecular Mechanics) (MacKerell, Bashford et al. 1998) which was originally developed 
at Harvard University, is widely used for both small molecules and macromolecules; 
AMBER (Assisted Model Building with Energy Refinement) (Cornell, Cieplak et al. 
1995) is widely used for proteins and DNA; and GROMACS (GROningen MAchine for 
Chemical Simulations) (Oostenbrink, Villa et al. 2004) etc. We used CHARMM force 
field to describe the inter-atomic potentials in our molecular dynamics simulations. The 
set of parameters used to model water or aqueous solutions (basically a force field for 
water) is called a water model. Water has attracted a great deal of attention due to its 
unusual properties and its importance as a solvent. Many water models have been 
proposed such as TIP3P, TIP4P, SPC, and ST2 (2008). We used TIP3P water model to 
describe the potentials for water molecules in the simulations.   
The equation of motion gives a set of N 2nd order non-linear ordinary differential 
equations which can only be solved numerically. The corresponding Hamiltonian for this 
system can be given by: 
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Where, ip

is the momentum of the ith atom. 
In this case, H refers to the total energy (kinetic and potential) of the system. 
Therefore, solving these equations produces a trajectory within an ensemble with a 
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constant number of particles, volume, and energy. This ensemble is termed the 
microcanonical ensemble (NVE). If one would like to simulate other ensembles, changes 
must be made to the equations of motion to conduct simulations in an ensemble with a 
constant number of particles, volume, and temperature (NVT). In this formulation, a heat 
bath is coupled to the equations of motion allowing the transfer of energy to and from the 
system (Capaldi 2005).  
3.2.3 
The usual approach to integrating a set of differential equations is to advance the 
system variables through a discrete step in time δt by approximating the action of the 
derivative via finite differences.  There are several methods that vary in several ways. 
Some of the methods use the prior evolution of the trajectory to approximate the effects 
of higher-order derivatives.  There are choices to be made about when and how to apply 
information obtained upon evaluating the right-hand side of the governing differential 
equations.  According to Equation (3.4), in MD these function evaluations require 
computation of the forces acting on each atom. In an MD simulation the force calculation 
consumes an overwhelming amount of the total CPU time (as much as 90%), and it is 
essential that it be performed no more than once per time step. Forces like the LJ 
potential have powers of 12, which would make Euler unstable (even worse than usual). 
Runge-Kutta and Midpoint algorithms would seem to help. However, force calculations 
are extremely expensive because they would require the force calculation to be evaluated 
four times per time step. In most MD calculations this proportion cannot be achieved 
Numerical Solution of the Equation of Motion 
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because the forces are rapidly changing nonlinear functions, particularly in the region 
where the atoms repel each other (Frenkel and Smit 2002). 
So one of the desirable features of an MD integrator is to minimize the need for the 
force calculation and also the integrator should be stable. Much more important than 
absolute accuracy of the trajectories is adherence of the whole system to conservation of 
energy and momentum.  Failure in this regard implies failure to sample the correct 
statistical mechanical ensemble. Small fluctuations in energy conservation can be 
tolerated, but there should be no systematic drift.  Another desirable (but not essential) 
feature of an integrator is that it be time-reversible. There are several integrators to 
choose such as Verlet, velocity Verlet, Leap-frog, and Beeman’s algorithm. The most 
commonly used simple method is ‘Verlet algorithm’. In our case, the Verlet algorithm is 
used to integrate equations of motion. The equations of motion can be modified to sample 
an ensemble with a constant number of particles, pressure, and temperature (NPT) 
(Capaldi 2005). The Verlet algorithm is based on ‘Finite difference method’ where 
Taylor series expansion is used to obtain a simple expansion of the atomic coordinates 
forward and backward in time by a time step δt, 
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In the Verlet algorithm, it is noted that the position at the previous step is saved and 
used to project the position at the next step.  Remarkably, the positions are updated 
without ever consulting the velocities of the atoms.   
The Langevin dynamics method (Wu and Brooks 2003), where additional damping 
and random forces are introduced to maintain an approxiamtely constant temperature 
across the system, was employed to keep the temperature constant. The constant pressure 
in the system was maintained using a Langevin piston method (Feller, Zhang et al. 1995) 
. This method was combined with the method of temperature control, Langevin 
dynamics, in order to simulate the NPT ensemble. 
 The interactions between atoms can be classified as short range and long range 
interactions based on the bonded and non-bonded potentials given in Equation (3.5). The 
following strategies are used to capture both types of interactions(Frenkel and Smit 
2002): 
 Short range : Attraction and repulsion : Verlet List method 
• A cutoff radius rv>rc is introduced and a list is made within rv of 
particle i before interactions (U(r)) calculation 
 Long range : van der Waals and ionic interactions  
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• Special methods are required for long range interactions due to 
limited size of simulation box. Truncation of the interaction 
potential results in error caused by ignoring interactions beyong 
the cutoff radius and we need to add long range corrections to 
correct for interactions we don’t explicitly consider beyond the 
cutoff radius .  The truncated potential beyond the cut off distance 
(i.e., ‚tail‘ correction) can be estimated as using the average 
potential energy in three dimensions for a given particle i as, 
drrUrrU
cr
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     (3.9)   
where, 
)(rρ  is the average number density.
  
Due to computational constraints, the particle number in atomistic simulations is 
severely limited. Surface effects may negatively affect even the largest of simulations 
(Capaldi 2005). In order to reduce the surface effects, periodic boundary conditions 
(PBC) are employed. Atoms or bonds which leave one face of the simulation cell enter 
the opposite side. Figure 3.3 clarifies the PBC concepts in more details. We can see that 
there are infinite replica of the simulation box and atoms/particles on any lattice have 
mirror image counter parts in all the other boxes. Changes in one box are matched exactly 
in the other box and thus the surface effects are eliminated.     
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Figure 3.3: Schematic representation of periodic boundary condition in atomistic 
simulation (Leach 2001). 
 
3.2.4 
 By solving the equations of motion for a given system using the procedure 
discussed in the above section for a long enough time, once can obtain a 
thermodynamically equilibrium system. One can determine the interested properties from 
this system. For a simple Lennard Jones fluid, the PMF between two atoms/molecules  
can be written as a function of the separation between the atoms, 
Calculation of Potential of Mean Force (PMF) between Atoms/Molecules 
)(rfW = . The mean 
force, )(rF , between these two atoms is then defined as:  
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( ) [ ( )]dF r W r
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= −
                          (3.10) 
However, fully characterizing the interaction between atoms requires the PMF, between 
two atoms with constant in the below form: 
0)(ln)( WrPkTrfW +−==                       (3.11) 
where r is the distance between the center of mass of atoms;  k  is the Boltzmann 
constant; T is the temperature; )(rP  is the probability of finding the system with specified 
r ; and 0W  is a constant. In Equation (3.11), W  is the effective interaction between the 
atoms averaged over the conformations of all other components in the system. 
 In case of large molecule, due to the size of the molecule considered and current 
computer speeds, the probability distribution, )(rP , cannot be determined from direct MD 
simulation efficiently. Instead, the PMF  can be determined using a method called 
Adaptive Biasing Force (ABF) method as described by Henin and Chipot (Hénin and 
Chipot 2004). ABF is a technique to reduce the computational cost of PMF calculations 
along a reaction coordinate by improving the sampling of the system’s configurational 
space. To explore the interactions between large molecules such as carbon nanotubes 
(CNTs) as a function of their intermolecular distance and orientation angle, the reaction 
coordinate for ABF method can be chosen as the center of mass of the molecules, r. It has 
been demonstrated to compare favorably to other techniques on complex molecular 
systems.   
 In ABF, a force is applied to bias the dynamics of the system and for a large 
number of samples; the average thermodynamic force acting along the reaction 
coordinate is estimated from the individual forces exerted on the chemical system and 
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accumulated as the simulation progresses. Thus, the total biased average force acting on 
the system is close to zero and the system experiences only a diffusive fluctuating force 
along the reaction coordinate. The estimated PMF derivative computed for small intervals 
of reaction coordinate, r is canceled by an adaptive bias to overcome the barriers of the 
PMF landscape (Chipot and Hénin 2005). Evolution of the system along the reaction 
coordinate is, thus, limited by its sole self-diffusion properties. This is precisely the 
objective of all adaptive methods: the system is sampled uniformly, which greatly 
improves the efficiency of PMF calculations (Darve, Rodríguez-Gómez et al. 2008). 
In terms of generalized reaction coordinate,  ξ, we can write the derivative of PMF as: 
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where J  is the determinant of the Jacobian for the transformation from Cartesian to 
generalized coordinates; )(xν  is the potential energy function; and ξF is the 
instantaneous force. In the above equation, the first term of the ensemble average 
corresponds to the Cartesian forces exerted on the system, derived from the )(xν  and the 
second term is a geometric correction arising from the change in the metric of the phase 
space due to the use of generalized coordinates. In the framework of the ABF approach, 
ξF  is accumulated in small bins of finite size, δξ , thereby providing an estimate of the 
PMF derivative defined in equation (3.10). The force applied along the reaction 
coordinate,ξ , to overcome the PMF barriers is defined by: 
ξξξ xx
ABF FWF ∇〉−〈=∇= ~                               (3.13) 
(3.12) 
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where, W~  is the current estimate of the PMF and ξξ 〉〈F is the current average of the ξF . 
W~  is progressively refined as the sampling of the phase space proceeds. ABFF is 
determined in such a way that, when applied to the system, it results in a Hamiltonian 
bereft of an average force exerted along ξ . All values of ξ are, therefore, sampled with 
an equal probability, which, in turn, significantly increases the accuracy of the calculated 
PMF (Chipot and Hénin 2005). In this case, the biasing force, ABFF  introduced in the 
equations of motion guarantees that in the bin centered aboutξ , the force acting along the 
reaction coordinate averages to zero over time.  
 To explore the interactions between any atoms/molecules as a function of their 
inter-atomic distance, r as well as orientation, each system is equilibrated first and then 
the PMF can be determined with the ABF method by using the MD simulation. Figure 
3.4 describes the total process flowchart of each case studied to calculate the PMF 
between two CNTs in aqueous suspension.  
 
Figure 3.4: Process flowchart to investigate the interactions between CNTs in aqueous 
suspension.  
 
 
PMF calculation
ABF method is applied using MD simulation to calculate the PMF at each discretized 
point along the reaction coordinate
Equillibrium state evolution
MD simulation is carried out to obtain thermodynamically equillibrium system
Initial configuration
CNT/water/surfactant molecules are randomly inserted in the simulation cell
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3.3 Monte Carlo 
3.3.1 Introduction 
 The Monte Carlo (MC) method is stochastic method first developed by 
Metropolis in 1953 (Metropolis, Rosenbluth et al. 1953). This method can be used to 
generate a sequence of configurations of a given system within a particular ensemble 
(e.g. NVT, NPT). The average of any property over this sequence is an approximation to 
the measured value of that property for the same thermodynamic state. Since it is a 
procedure for evaluating configuration space equilibrium averages, with MC methods, a 
large molecular system can be sampled in a number of random configurations, and that 
data can be used to describe the system as a whole.  In contrast with MC, MD uses force 
field for the change in conformation over time. In a Monte Carlo simulation one can 
attempt to follow the `evolution’ of a system for which change, or growth, does not 
proceed in some rigorously predefined fashion (e.g. according to classical Newton’s 
equations of motion) but rather in a stochastic manner which depends on a sequence of 
random numbers which is generated during the simulation.  
 
3.3.2 Averaging Method 
 Statistical mechanics can be used as a theoretical basis for derivation of 
macroscopic behavior from microscopic properties. If the configuration microscopic 
system is defined with its constituent N particles’ position and momenta as rN and pN 
respectively and configurational variable is A(rN , pN), the ensemble average which is the 
weighted sum over all possible members of ensemble can be expressed using classical 
statistical mechanics as (Frenkel and Smit 2002), 
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where Nh3  refers to the volume in classical phase space and the partition function, 
Q is defined as, 
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where, Z  is the configurational part of the partition function. 
We are interested in ensemble averages of the property which can be written from 
Equation (3.14) as, 
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Metropolis method: 
Determining a given property of a system becomes a matter of integrating the equation 
(3.17). Only in very rare cases can this integral be evaluated analytically. Resorting to 
numerical methods, one could randomly sample configurations, calculate the weight and 
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average over the weighted samples. This is inefficient since most of the configurations 
sampled would be high energy states with low weights. A more efficient way to calculate 
this ensemble average would be to generate configurations according to the weight, 
Boltzmann factor, { })(exp NrUβ− . Using this scheme, one samples more frequently those 
states that contribute most to the average. The property of interest can then be expressed 
as a simple average of the computed property over the generated/trial states, 
{ }
∑
∫∫
=
=
==
−
=
c
N
N
j
N
c
rtrials
NNNNN
N
N
N
rA
N
AdrrArdrrA
rZ
rUA
1
)(,
)(1
)()()(
)(
)(exp
N
N
β
  (3.18) 
Where, )( NrN  refers to the probability of a given configuration rN and  Nc is the number 
of generated configurations. To sample configurations according to this given weight, 
Metropolis developed the below algorithm (Figure 3.5) that is applied to our mesoscale 
simulations. Molecule displacement/rotation moves are employed to equilibrate the 
systems.  
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Figure 3.5: Metropolis algorithm 
 
3.4 Computational Resources 
The main challenge of the multiscale modeling, especially atomistic modeling is 
the availability of the computing resources. With today’s computing power based on the 
San Diego Super Computing Center (SDSC) information, the multi-scale modeling can 
be classified as sub-atomistic, atomistic, mesoscale, and continuum (Figure 3.6). Since 
the work of this thesis is mostly ‘atomistic simulations work’, we seek for available 
computing resource from “Pittsburg Super Computing Center (PSC)” in addition to our 
4-processor AMD opteron cluster called ‘Molecular’ at Drexel University to carry out 
atomistic simulations.  
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Figure 3.6: Modeling from nanoscale to macro scale. 
3.4.1 Pittsburgh Supercomputing Center  
The Pittsburgh Supercomputing Center is a joint effort of Carnegie Mellon 
University and the University of Pittsburgh together with Westinghouse Electric 
Company. Established in 1986, PSC is supported by several federal agencies, the 
Commonwealth of Pennsylvania and private industry, and is a resource provider in the 
National Science Foundation TeraGrid program.PSC offers several computing systems 
for academic research works from which we have selected to apply for an account in 
BIGBEN.  
3.4.2 Bigben System Architecture 
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BigBen is a Cray XT3 MPP system with 2068 compute nodes linked by a custom-
designed interconnect. Each compute node contains one dual-core 2.6 GHz AMD 
Opteron processor (model 285). Each core has its own cache, but the two cores on a node 
share 2 Gbytes of memory and the network connection. Nineteen dedicated I/O nodes are 
also connected to this network. Each compute node runs the Catamount operating system. 
Catamount is a subset of Unix, and consequently not all Unix system calls are available 
on the compute nodes. There are multiple front end nodes, which are also dual-core AMD 
Opteron processors and which run SuSE Linux. Logins are to one of these front end 
nodes, not to the compute nodes.  
There are three types of grants available on bigben: startup, research and 
education grants. Startup grants are available as precursors to large requests or for work 
which will exploit the unique architectural capabilities of bigben. Startup grants can ask 
for up to 200,000 Service Units (SUs). Research grants are large awards for users with 
extensive computational requirements. Education grants are for coursework on bigben. 
3.4.2 Grant on Bigben 
There are three types of grants available on bigben: startup, research and 
education grants. Startup grants are available as precursors to large requests or for work 
which will exploit the unique architectural capabilities of bigben. Startup grants can ask 
for up to 200,000 Service Units (SUs). Research grants are large awards for users with 
extensive computational requirements. Dr. Bakhtier Farouk submitted a proposal titled 
“Modeling of Carbon Nanotube Dispersions in Polymer Nanocomposite Processing” as a 
PI asking the startup grant for up to 150,000 Service Units (SUs). The proposal was 
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successful under the grant number (TG-DDM090008). The granted resource was utilized 
to accelerate the atomistic simulations study. The Accounting on bigben works as: one 
processor-hour is one SU. Because the resources are allocated by nodes (2 cores), a one 
node job that runs for one hour costs 2 SUs. Up to February 26, 2010, the status of the 
grant allocation is described in Table 3.1. 
Table 3.1: Allocations/Usage of the computing grant on “Modeling of Carbon Nanotube 
Dispersions in Polymer Nanocomposite Processing”, Farouk, Bakthier (PI). 
Start 
Date 
End Date Resource SUs 
Remaining 
SUs 
Awarded 
My Usage 
(SU) 
% 
Remaining 
07-17-09 07-17-10 BigBen 69,570 150,000 80430.0 46 % 
 
3.5 Conclusions 
Molecular dynamics method is based on classical Newton’s law of motion and can 
be applied to develop atomistic models. Monte-Carlo method produces Boltzmann 
weighted populations and the system will preferentially populate to the energy lower 
states and thus it is a good method to obtain an equilibrium system consisting of large 
number of molecules. Most importantly, MC method does not require a continuous 
energy function (as in MD) and number of particles can easily vary (very hard in MD). 
That is why, this method is applied to carry out mesoscale simulations to simulate a large 
number of molecules with given potentials calculated from atomistic simulations of small 
number of molecules using MD method. Based on the discussions of MD and MC 
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method applicable to develop a multi-scale model, Table 3.2 summarizes the important 
features for these methods.  
Table 3.2 Summary of the main observations on MD and MC methods 
Case Features MD MC 
1 
Potential 
Energy 
 
Requires a continuous 
energy function 
 
Does not require a 
continuous energy 
function 
2 
NVT and NPT 
ensembles 
 
Requires temperature and 
pressure control for NVT 
and NPT 
Straightforward to 
perform NVT and NPT 
 
3 
Applying 
constrains 
 
Needs special techniques to 
constrain some degrees of 
freedoms 
 
Easy to constrain some 
    degrees of freedoms (not                                                                             
          include them in trials) 
4 
Simple vs. 
complex 
system 
 
Can move simple and 
complex systems the same 
way 
Hard to make trials for 
complex systems, such as 
proteins, since proteins 
move collectively. 
5 
Kinetic 
properties 
Can generate kinetic data 
as well as thermodynamic 
data 
Cannot easily generate 
kinetic data 
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4. ATOMISTIC SIMULATIONS OF CNT INTERACTIONS IN WATER: 
EFFECTS OF CNT ORIENTATION, LENGTH, DIAMETER, AND CHIRALITY*
 
  
4.1 Overview 
The uniform dispersion of carbon nanotube (CNT) in water is important for various 
applications. A method for the quantitative prediction of the interactions between 
nanoparticles in solution would aid in the design of dispersion processing schedules. In 
this study, molecular dynamics simulations are used to compute the potential of mean 
force as a function of the distance and orientation between a pair of single-walled carbon 
nanotubes (CNTs) in water. We also investigate the effects of CNT length, diameter, and 
chirality on CNT interaction and in-turn dispersion in water with (5, 5), (5, 0), and (10, 
10) single walled CNTs at room conditions. An adaptive biasing force method is used to 
speed up the calculations. Simulation results show that CNT orientation, length and 
diameter can significantly affect CNT interactions and in-turn dispersion in water. The 
equilibrium structures and the interactions between CNTs are discussed. A correlation is 
developed to determine the effective interactions between CNTs as a function of any 
inter-atomic distance and orientation angle. This can also be used to determine the 
mesoscale ordering between large numbers of CNTs in water. 
 
                                                 
* Partial results presented in this section  are published as “Molecular Dynamics Simulations of Carbon 
Nanotube Interactions in Water”, Uddin, N. ; Capaldi, F. ; and Farouk, B., Journal of Engineering 
Materials and Technology, 2009. 
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4.2 Introduction 
The discovery of carbon nanotubes (CNTs) by Iijima in 1991 (Iijima 1991) has 
attracted vast interests in nanoscience and nanotechnology. CNTs can be used for various 
applications, which require CNTs to be dispersed uniformly in water as an initial process. 
However, experimental studies have shown that uniform dispersion of CNTs in water 
have become a challenge for proper CNT applications (Dror, Salalha et al. 2003; Ko, 
Gogotsi et al. 2003; Moulin, Devel et al. 2005; Zhuang, Sui et al. 2006; Lee, Kim et al. 
2007). In order to maximize the improvement of CNT dispersion in water, understanding 
of how CNTs interact in water is important. In the present study, the interactions between 
two CNTs in water have been investigated using atomistic simulations. These 
quantitative evaluations of CNT interactions can be used to predict the degree of CNT 
dispersion in water.  Understanding this will also help alleviate the last barrier that 
prevents the widespread applications of carbon nanotubes consists in the difficulty of 
separating them into samples monodispersed in diameter, chirality, and length. 
Moulin et al. (Moulin, Devel et al. 2005) used molecular dynamics (MD) 
simulations to quantify the polarization of a finite size nanotube surrounded by water 
molecules. The response was calculated in a self-consistent way at each step of the 
simulation, leading to the evaluation of the energy and forces coming from the 
electrostatic interaction between the dipoles induced on the nanotube by the water 
surrounding and the set of charges accounting for the permanent electric moments of 
these water molecules. Their results show that the polarization of the nanotube is 
negligible when it is completely immersed in liquid water at 298 K. CNT, unmodified 
(pristine) and modified through charged atoms, were simulated in water by Zhu and 
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Schulten (Zhu and Schulten 2003) to determine the water conduction rates. The 
conducted water inside the nanotubes was found to exhibit a strong ordering of its dipole 
moment. In pristine nanotubes, the water dipoles adopt a single orientation along the tube 
axis with a low flipping rate between the two possible alignments. Walther et al. 
(Walther, Jaffe et al. 2007) studied the structural properties of water surrounding a carbon 
nanotube using MD simulations. They studied the water-water interactions which reflect 
the cavity creation energy. Souza et al.(Souza, Kolesnikov et al. 2006) studied the 
structure and dynamics of water confined in a single wall CNT using MD simulations. 
Luo and Dai (Luo and Dai 2007) performed MD simulations to investigate self assembly 
at water–trichloroethylene interfaces with the emphasis on systems containing modified 
hydrocarbon nanoparticles (1.2 nm in diameter) and sodium dodecyl sulfate (SDS) 
surfactants. The hydration and water-induced interaction between carbon-based 
nanoparticles, single-walled carbon nanotubes, and graphene sheets were studied by Li et 
al. (Li, Bedrov et al. 2006). In their study, the interactions were not characterized as a 
function of CNT orientation.  
In this study, molecular dynamics simulations were used to determine the 
potential of mean force (PMF) as a function of molecular orientation between single 
walled CNTs in water. The effective interactions between CNTs in terms of PMFs were 
also determined for different CNT lengths, diameters, and chiralities. The calculated PMF 
provides a measure of the attraction between CNTs in the solution at the atomistic level 
and can be used to determine aggregation characteristics and physical properties of the 
CNTs in the CNT/water system. While this work looks only at the preliminary stages of 
nanocomposite processing (Moniruzzaman and Winey 2006; Wang, White et al. 2006; 
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Chen, Muthuraman et al. 2007), extension to more complicated solvents can be 
conducted. In this study, we address the following questions: (i) How does CNT 
orientation influence the interaction between two CNTs in water? (ii) How do CNT 
geometries influence the interaction between CNTs? and (iv) What is the structure of 
water and CNTs in the thermodynamically equilibrium system of CNT/water at the 
molecular level?   
 
4.3 Simulation Details 
4.3.1 Computational Specifications: 
The present MD studies in this chapter include a representative volume element 
(RVE) consisting of two single walled CNTs each with 29.5 Å length surrounded by 
water molecules.  The RVE was equilibrated for one nanosecond with a time step of 1 fs 
in the NPT ensemble (the number of particles N, the pressure P and the temperature T 
being constant) using the NAMD software package (2009). The simulation cell 
dimension (x× y× z) is (55.5×30×30) Å3. Periodic boundary conditions with the minimum 
image convention were applied in all three spatial directions.   
 The Langevin dynamics method (Wu and Brooks 2003), where additional 
damping and random forces are introduced to maintain an approximately constant 
temperature across the system, was employed to keep the temperature at 310 K. The 
pressure was maintained at 1 atm using a Langevin piston (Feller, Zhang et al. 1995). 
This method was combined with the method of temperature control, Langevin dynamics, 
in order to simulate the NPT ensemble. The intermolecular three point potential (TIP3P) 
model was employed (Price and III 2004) to represent water molecules. The empirical 
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CHARMM force field (MacKerell, Bashford et al. 1998) was used to describe inter-
atomic interactions. Electrostatic and van der Waals interactions were truncated smoothly 
by means of a 12  Å spherical cutoff in conjunction with a switching function. The MD 
simulations were carried out to observe the progress of the thermodynamically 
equilibrium system parameters such as temperature and energy. Once the equilibrium 
system was obtained then the interactions between the CNTs were determined by 
calculating the PMF between the center of mass of CNTs.  
 
4.3.2 Calculation of the Potential of Mean Force (PMF) 
As discussed in Chapter 3, for a simple Lennard Jones fluid, the PMF between two atoms 
can be written as a function of the separation between the atoms, )(rfW = . The mean 
force, )(rF , between these two atoms is then defined as:  
( ) [ ( )]dF r W r
dr
= −                        (4.1) 
However, fully characterizing the interaction between two CNTs (Figure 4.1) requires the 
addition of variables to account for their relative orientation. In addition to the separation 
distance r, we introduce the relative angles between nanotubes, θ  and φ, which account 
for CNT alignment as shown in Figure 4.1. The PMF, between two CNTs with constant φ 
has the form: 
( , )W f r kTθ= = −  0( , )l n P r Wθ +                   (4.2) 
where r is the distance between the center of mass of CNT 1 and CNT 2;  θ  is a measure 
of the alignment between the two CNTs as shown in Figure 1; k  is the Boltzmann 
constant; T is the temperature; ),( θrP  is the probability of finding the system with 
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specified r and θ ; and 0W  is a constant. In equation (2), W  is the effective interaction 
between CNT 1 and CNT 2 averaged over the conformations of all other components in 
the system. 
 
Figure 4.1 Schematic of the RVE considered for the simulations 
 
Molecular dynamics simulations and a discretization of phase space is used to 
obtain the potential of mean force (Guardia, Rev et al. 1991). We discretized the possible 
values of φ  and θ  as described in Table 4.1 and calculated free energy differences along 
a path from r = ∞ to r = 0. Then by conducting simulations for each distinct pair of φ  and 
θ , we reconstructed the effective potential. In each simulation, we fixed the position and 
orientation of the carbon nanotubes in the presence of a mobile solvent and surfactant and 
determined the constraint forces required to hold the molecule in place. All internal 
deformation modes for the CNT were allowed to fluctuate freely. Only the relative 
orientation and the distance were constrained. We carried our simulations on our 
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computer cluster at Drexel University as well as the Pittsburg Supercomputing Center 
making it feasible to repeat this simulation with different CNT orientations, lengths, 
diameters, and chiralities.  
The potential of mean force (PMF), W was computed as a function of separation 
distance for four orientation angles: θ = 0°, 20°, 45°, and 90° with φ = 0, 45°, and 90°. 
Figure 4.2 shows the Images of four θ angles with fixed φ=0 and two φ angles with fixed 
θ =0 considered to discretize the CNT orientation angles. The same θ angles with fixed φ 
=0 shown here are repeated for other two φ angles. A total 16 cases (i.e., 12 cases for 
CNT/water, 2 cases for two different CNT lengths, 2 cases for another CNT diameter and 
chirality) were studied and is shown in Table 4.1. To explore the interactions between 
CNTs as a function of r, θ, and  φ each system was equilibrated for 2 ns, then the PMF 
was determined with the ABF method from a 10 ns MD simulation. The center of mass 
of the CNTs, r was chosen as the reaction coordinate (ξ) for ABF method and simulations 
were carried out restraining the range of the reaction coordinate parameter to 7≤ξ≤26 Å 
with a bin size of 1.0=δξ  Å. 
Table 4.1 Simulation cases studied for CNT interactions in water 
PMF Calculation Simulation Cell Constituents Number of Cases 
W(r, θ, φ=0) 
θ=0 
CNT(5,5)/water 4 
θ=20 
θ=45 
θ=90 
W(r, θ, φ=45) θ=0 CNT(5,5)/water 4 
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θ=20 
θ=45 
θ=90 
 
 
W(r, θ, φ=90) 
θ=0  
 
CNT(5,5)/water 
 
 
 
 
 
4 
θ=20 
θ=45 
θ=90 
W(r, θ=0, φ=0) CNT(5,5)/water 
L=53Å 
2 
L=81Å 
W(r, θ=0, φ=0) CNT(5,0)/water 1 
W(r, θ=0, φ=0) CNT(10,10)/water 1 
 
 
θ =0, φ =0⁰      θ =20⁰, φ =0⁰  θ =45⁰, φ =0⁰ 
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θ =90⁰, φ =0⁰  θ =0⁰, φ = 45⁰   θ =0⁰, φ = 90⁰ 
Figure 4.2:  Images of θ angles (0, 20⁰, 45⁰, 90⁰) with fixed φ = 0 and φ angles 
(45⁰, 90⁰) with fixed θ =0 considered to discretize the CNT orientation angles. 
 
4.4 Description of Equilibrium Systems 
The thermodynamic parameters such as total energy of the system, temperature and 
pressure were monitored during each simulation case to observe the simulation accuracy. 
Energy, temperature and water density data were saved and analyzed here. The variation 
of total energy, temperature and water density is presented in Figures 4.3, 4.4 and 4.5 for 
the simulation case of two CNTs immersed in water as shown in Figure 4.6 for the 
parallel CNT position (case 1, Table 4.1). The energy of the system was minimized for 
the first 1000 simulation steps. Figure 4.3 shows that the total energy of the system 
initially fluctuated and gradually decreased. It stayed the same minimum value after 1000 
minimization steps.  After energy minimization (i.e., 1000 steps), the temperature of the 
system was raised to 310K and increased initially but remained the same value 
throughout the simulation after 10,000 steps as shown in Figure 4.4. The density of water 
at 310K is shown in Figure 4.5. It can be seen that the density fluctuated between 1.02 
and 1.03 gm/cm3. 
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Figure 4.3: Total energy variation during the simulation of two CNTs immersed in 
water as shown in Figure 4.1 for case 1. 
 
Figure 4.4: Temperature variation during the simulation of two CNTs immersed in water 
as shown in Figure 4.1 for case 1. 
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Figure 4.5: Density variation during the simulation of two CNTs immersed in water as 
shown in Figure 3. Each frame is taken during the simulation at 0.1 ps (i.e. 100 steps). 
 
During the equilibration, the trajectories of the atoms of each system considered 
were saved and analyzed here to explore the structural transformations of each type of 
molecules in the system. Radial distribution function (RDF) and mean squared 
displacement (MSD) were calculated to describe the structural changes for the case of θ = 
0° and φ = 0°.  
Snapshots of the simulation cell that describe the configurations of the atoms for 
the initial and equilibrium state during the simulation are shown in Figure 4.6 for θ = 0° 
and φ = 0° (case 1, Table 4.1). Figure 4.6 (a) and (b) represent the CNTs only and Figure 
4.6 (c) and (d) represent the CNTs/water molecules in the simulation cell. The oxygens 
(red), hydrogens (grey), and carbons (cyan) are drawn as spheres where bonds are drawn 
63 
 
 
as cylinders. It can be noted that CNTs moved close to each other and water molecules 
moved away from CNT surface due to the hydrophobic nature of the CNT surface during 
the simulation.  
    
(a)          (b) 
     
(C)                                                      (d) 
Figure 4.6: Images of the initial [(a) and (c)] and equilibrium [(b) and (d)] configurations 
of the CNT/water system for the CNT orientation of θ = 0° and φ = 0°. (a) and (b) 
represent CNTs only where (c) and (d) represent CNTs/water.  
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To describe the structural changes of each type of molecule/atom in the 
simulation cell, the radial distribution function (RDF) is calculated from the trajectories 
saved during the simulation at 1000 steps interval. Figure 4.7 illustrates the RDF between 
the center of mass (COM) of CNTs and the COM of water molecules for case 1.  It can 
be noted that at short distances (less than atomic diameter), RDF is zero due to the strong 
repulsive forces. The first large peak occurs at a distance of 4Å, with RDF having a value 
of about 6. This means that it is six times more likely that COM of CNTs and water 
molecules would be found at this separation. The radial distribution function then falls 
and passes through a minimum value around r=0.1Å. The chances of finding COM of 
two types of molecules with this separation are less. At larger distance (>30Å), the RDF 
value tends to become 1 due to weaker interactions. Figures 4.8 and 4.9 illustrate the 
RDF between COM of CNTs and oxygen and hydrogen atoms in the simulation cell for 
the case of  θ = 0 and  φ =0. It is clear that hydrogen atoms tend to be attracted to the 
hydrophilic CNT surface more than that of oxygen atoms.  
 
Figure 4.7: Radial distribution function of center-of-mass (COM) of CNTs to COM of 
water for θ = 0 
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Figure 4.8: Radial distribution function of center-of-mass (COM) of CNTs to Oxygen 
(O)-atoms for θ = 0. 
 
 
Figure 4.9: Radial distribution function of center-of-mass (COM) of CNTs to Hydrogen-
atoms for θ = 0. 
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 4.4 Effects of CNT Orientation on CNT Interactions in Water 
4.4.1 Adaptive Biasing Force (ABF) Sampling 
The effective interactions between CNTs are quantified by calculating the 
potential of mean force (PMF) using the ABF method as described in Chapter 3. The 
accuracy of this method depends on the uniform sampling along the reaction coordinate. 
Figure 4.10 illustrates that uniform sampling along the reaction coordinate, r (i.e.,ξ = r) 
was achieved for different CNT orientations (θ = 0, 20º, 45º and 90º) with φ=0 during the 
simulations to calculate PMFs. In order to calculate the governing PMF between two 
CNTs as a function of their separation distance and orientations by using the ABF 
method, it is important to achieve uniform sample frequencies. Each point in the graph, 
shown in Figure 4.9, indicates the number of times that the two CNTs were found 
separated by a given distance, r, during the simulation. This indicates that the adaptive 
sampling scheme was effective and convergent for each of these cases. The sampling of 
the phase space proceeded almost uniformly for all values of ξ , which, in turn, 
significantly increased the accuracy of the PMF calculation. 
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Figure 4.10: Sample frequencies as a function of inter-atomic distance between 
the center of mass of CNTs at different CNT orientations (θ = 0, 20º, 45º and 90º) 
 
4.4.2 Potential of Mean Force (PMF) 
Molecular dynamics simulations are carried out considering three sets of cases for 
the discretized value of the angle, φ (i.e., 0, 45⁰, 90⁰) to investigate the effect of CNT 
orientation on CNT interactions in terms of the governing potential of mean force (PMF) 
in water. Each of the set consists of four cases for four discretized value of the other 
angle, θ (i.e., 0, 20⁰, 45⁰, 90⁰) as described in Table 4.1.  The calculated results for the 
first set are discussed below and subsequently for the other sets of cases.  
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The computed PMFs between carbon nanotubes as a function of both separation 
and orientation angles (θ, φ =0) are shown in Figure 4.11. The horizontal axis of the 
Figure 4.11 is normalized with the CNT diameter, d=6.89Å. It can be observed that the 
well depth is strongly dependent on the orientation angle, θ. For , the potential has 
a minimum with a contact minimum (CM) value of about 42 kcal/mol for which the 
nanotube surfaces are almost touching. The strongest interactions between CNTs can be 
found at CM for parallel CNT orientation (i.e., θ=0 and φ=0).  
The corresponding configurations for all important characteristics of PMF curve 
is given in Figure 4.12 for θ=0 and φ=0 case since the other PMF curves are showing the 
similar characteristics. At desolvation maximum (DM), water molecules tend to move in 
between the CNTs causing the unfavorable free energy for CNTs (i.e., energy barrier). 
The higher value of DM contributes the better dissociation between CNTs which we can 
observe for higher theta angles. The two other minima, solvent-separated minimum 
(SSM) and third minimum (TM), refer to the stable water layer in between the CNTs 
after the DM location for all cases.        
 For other orientations of CNTs as compared with the parallel position, the 
interaction between the CNTs is strongest at zero degrees and becomes weaker for higher 
angles.  As one nanotube is rotated with respect to the other, the contact surface between 
them becomes smaller. Therefore, the depth of the potential well decreases. In addition, 
the position of the potential well shifts to the right as the carbon atoms on the face of each 
nanotube contact one another at a smaller center of mass separation. This quantitative 
potential may be used to evaluate the formation of aggregates during the dispersion of 
CNTs in water for applications such as the initial nanocomposite fabrication processes. 
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Figure 4.11: Potential of mean force, W as a function of inter-atomic distance, r between 
the center of mass of CNTs at different CNT orientations (θ = 0, 20°, 45º and 90 º) with φ 
=0. The important characteristics of PMF curve are shown as CM (contact minimum), 
DM (desolvation maximum), SSM (solvent-separated minimum), and third minimum 
(TM) for θ=0⁰. 
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(CM)                       (DM) 
   
(SSM)                       (TM) 
Figure 4.12: Four different configurations of CNT/water systems showing the indicated 
PMF locations in Figure 4.10 for (1) contact minimum (CM), (2) desolvation maximum 
(DM), (3) solvent-separated minimum (SSM), and (4) third minimum (TM). Each 
configuration is taken from the equilibrated simulations during PMF calculation.   
Figure 4.13 displays the van der Waals representation of each configuration 
shown in Figure 4.11 from which we can clearly observe the actual contact in between 
the molecules in the system. As the CNT diameter is 6.9 Å, the van der Waals radius for 
carbon atom is 1.7 Å, the center of mass separation, r, at which the carbon atoms on the 
face of the nanotubes have a potential minimum (CM) is (6.9 +1.7) Å =8.6 Å .  At 
smaller distances, repulsive forces between the carbon atoms on the faces of the 
nanotubes dominate.  
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Figure 4.13: Van der Waals representation of our different configurations of 
CNT/water systems showing the indicated PMF locations in Figure 4.10 for (1) 
CM, (2) DM, (3) SSM, and (4) TM. Each configuration is taken from the 
equilibrated simulations during PMF calculations. 
 
In order to generalize the tabulated PMF in a form that is readily used in 
mesoscale simulations, we have fit the tabulated data with a functional form that depends 
on both separation distance and angular orientation. The resulting fit based on the data in 
Figure 4.11 is given by the values of the coefficients in equation (5) determined from the 
simulation data by using the least square method.  
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The agreement between the simulation data and the proposed correlation is 
excellent (Figure 4.14). This equation can be used to determine the effective interactions 
between carbon nanotubes for any orientation angle, θ with φ=0 or separation distance. 
                                                                                                                
 
Figure 4.14: The correlation for PMF as a function of r and θ is plotted against the 
simulation data for θ = 0º, 20º, 45º and 90º. 
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The second set of simulations constrained φ = 45º with θ = 0º, 20º, 45º and 90⁰ for 
the two carbon nanotubes were conducted. The distance r between the centers of mass 
was treated as the reaction coordinate, and the free energy of interaction (PMF) was 
computed along this reaction coordinate. Given the symmetry, a coarse approximation of 
the potential of mean force, W as a function of θ and r with fixed φ = 45º for two CNTs in 
water was constructed, Figure 4.15. The surface plot for the corresponding PMF is 
described in Figure 4.16 showing the potential well depth location clearly. This potential 
illustrates that the potential depends not only on the separation distance, and orientation 
angle, θ but also on orientation angle, φ. The depth of the potential well decreases as the 
angle θ increases. As compared with the parallel CNT orientation (i.e., θ = 0º and φ = 0º) 
(Figure 4.11), we can see that the potential well depth for PMF for θ = 0º and φ = 45º is 
approximately 66% shallower than that for θ = 0º and φ = 0º. The potential behaves as 
expected, with a strong repulsion at short distances and decreasing interaction strength at 
large distances. 
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Figure 4.15: Two dimensional potential of mean force, W(r, θ), contours for two 
carbon nanotubes in water as a function of the separation between their centers of mass, r, 
and orientation angle θ with φ = 45º. 
 
Figure 4.16: Two dimensional surface plot for the potential of mean force, W(r, 
θ), contours for two CNTs in water as a function of the separation between their centers 
of mass, r, and orientation angle θ with φ = 45º. 
The second third sets of simulations constrained φ = 90º with θ = 0º, 20º, 45º and 
90⁰ for the two carbon nanotubes in water were conducted. The distance r between the 
centers of mass was treated as the reaction coordinate, and the free energy of interaction 
(PMF) was computed along this reaction coordinate. Given the symmetry, a coarse 
approximation of the potential of mean force, W as a function of θ and r with fixed φ = 
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90º for two CNTs in water was constructed, Figure 4.17. The surface plot for the 
corresponding PMF is described in Figure 4.18 showing the potential well depth location 
for different angles clearly. It can be seen that the potential well depth is higher for higher 
angles and lowest possible for the orientation of θ = 0º and φ = 90º as the distance 
between CNT surfaces is the highest. We can see that the potential well depth for PMF 
for θ = 0º and φ = 90º is approximately 70% shallower than that for θ = 0º and φ = 45º. 
 
Figure 4.17: Two dimensional potential of mean force, W(r, θ), contours for two 
carbon nanotubes in water as a function of the separation between their centers of mass, r, 
and orientation angle θ with φ = 90º. 
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Figure 4.18: Two dimensional surface plot for the potential of mean force, W(r, 
θ), contours for two CNTs in water as a function of the separation between their centers 
of mass, r, and orientation angle θ with φ = 90º. 
 
4.5 Effect of CNT Length on CNT Interactions in Water 
Three different lengths of armchair single-walled CNT (5, 5) as shown in Figure 
4.19 were considered to investigate the effect of CNT length on CNT interactions in 
water. MD simulations were carried out for these systems at 310K temperature in the 
NPT ensemble. The intermolecular three point potential (TIP3P) model was employed 
(Price and III 2004) to represent water molecules. The empirical CHARMM force field 
(MacKerell, Bashford et al. 1998) was used to describe inter-atomic interactions for all 
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other molecules. Three simulation cell dimensions (x× y× z) such as (62.5×52.5×52.5)Å3, 
(62.5×52.5×62.5)Å3, and (62.5×52.5×92.5)Å3 were considered for three different lengths 
of CNTs (i.e., L=26.67Å, 2L, and 3L) respectively. Periodic boundary conditions with 
minimum image conventions were applied in all three spatial directions. 
 
 
The computed PMFs between carbon nanotubes as a function of their separation 
are shown in Figure 4.20 for different CNT lengths. Only the potential well depth is 
dependent on the CNT length and the equilibrium location (1.18d, where d is the CNT 
diameter, 6.89Å) is same for all three cases where CNTs have the maximum attractive 
forces and tend to stay. For the highest length, the potential well depth is the highest for 
Figure 4.19: Images of three different lengths (L=26.67 Å, 2L, and 3L of CNTs (5, 5) 
considered in potential of mean force calculations.  
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which the nanotube surfaces are touching and at smaller distances, repulsive forces 
between the carbon atoms on the faces of the nanotubes dominate.  As compared with 
other lengths of CNTs, the interaction between the CNTs is strongest at the highest length 
and becomes weaker for shorter lengths.  As the length of CNTs increases, the contact 
surface between them becomes bigger. Therefore, the depth of the potential well 
increases. It can be noted that the PMF between CNTs in water increases linearly with 
their respective lengths. This quantitative potential may be used to evaluate the formation 
of aggregates during dispersing CNTs in water.  Though the aspect ratio of CNT length to 
diameter is very high (i.e. 1000), this quantitative prediction can be used for up to a 
certain aspect ratio as CNTs will bend thereafter.  
 
 
Figure 4.20: Potential of mean force, W as a function of inter-atomic distance, r between 
the center of mass of CNTs for three different CNT lengths (L=26.67Å, 2L, and 3L). 
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4.6 Effect of CNT Diameter on CNT Interactions       
 Molecular dynamics simulations were carried out with the biased method 
described in Section 2 for CNTs immersed in a water system at room temperature in the 
NPT ensemble of two different CNT diameters, CNT(5,5)] and [CNT(10,10)] with the 
same length of L=26.67Å as shown in Figure 4.21. The intermolecular three point 
potential (TIP3P) model was employed (Price and III 2004) to represent water molecules. 
The empirical CHARMM force field (MacKerell, Bashford et al. 1998) was used to 
describe inter-atomic interactions for all other molecules. The simulation cell dimension 
(x× y× z) is (62.5×52.5×52.5) Å3. Periodic boundary conditions with minimum image 
conventions were applied in all three spatial directions. 
 
Figure 4.21: A snapshot of the simulation cell showing two CNTs with different diameters 
CNT (5,5)  and CNT (10,10). 
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The computed PMFs between carbon nanotubes as a function of their separation 
for the above cases are shown in Figure 4.22 where the horizontal axis is normalized by 
the respective CNT diameter. The potential well depth strongly dependent on CNT 
diameter and the equilibrium location (contact minimum, CM) for the bigger diameter 
CNTs is deeper than that for smaller one. At CM CNTs have the maximum attractive 
forces and tend to stay together. As compared between PMFs of two different diameter 
CNTs, the interaction between the CNTs is stronger for the bigger diameters and 
becomes weaker for the shorter diameters.  As the diameter of CNTs increases, the 
contact surface between them becomes bigger. Therefore, the depth of the potential well 
increases. It can be noted that the PMF between CNTs in water increases significantly 
with the increment of their respective diameters. The stronger interactions between CNTs 
would cause higher possibility of having aggregates while dispersing them in water. This 
quantitative potential may be used to evaluate the formation of aggregates during 
dispersing CNTs in water. This prediction matches well with the predictions of Tummala 
and Striolo (Tummala and Striolo 2008). They found that among other CNT parameters, 
CNT diameter has significant effect on CNT interactions in aqueous solution.   
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4.7 Effect of CNT Chirality on CNT Interactions  
 Molecular dynamics simulations are carried out with the biased method described 
in Section 2 for CNTs immersed in a water system at 310K temperature in the NPT 
ensemble of two different CNT chiralities such as armchair [CNT(5,5)] and zigzag 
[CNT(5,0)] as shown in Figure 4.23 with the length of L=26.67Å. The intermolecular 
three point potential (TIP3P) model was employed (Price and III 2004) to represent 
water molecules. The empirical CHARMM force field (MacKerell, Bashford et al. 1998) 
was used to describe inter-atomic interactions for all other molecules. The simulation 
Figure 4.22: Potential of mean force, W as a function of inter-atomic distance, r between 
the center of mass of CNTs for two different CNT diameters (d=6.89Å and 13.78 Å). 
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cell dimension (x× y× z) is (62.5×52.5×52.5) Å3. Periodic boundary conditions with 
minimum image conventions were applied in all three spatial directions. 
 
Figure 4.24 shows the comparison of the computed PMFs between the CNT(5,5) 
and CNT(5,0). It is clear that PMF between CNTs is independent of the chiralities as 
only electric properties of CNTs are strongly dependent on chiralities.   
Figure 4.23: A snapshot of the simulation cell showing two CNTs with different chiralities 
CNT (5,5)  and CNT (5,0). 
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4.8 Enthalpy-Entropy Contributions to the CNT Interactions  
 Entropic and enthalpic contributions to the interaction between CNTs, are 
investigated considering CNT (10,10) in water using molecular dynamics simulations. 
Simulations are carried out with the biased method described in Section 2 for CNTs 
immersed in a water system in the NPT ensemble. The intermolecular three point 
potential (TIP3P) model was employed (Price and III 2004) to represent water 
molecules. The empirical CHARMM force field (MacKerell, Bashford et al. 1998) was 
used to describe inter-atomic interactions for all other molecules. The simulation cell 
dimension (x× y× z) is (62.5×52.5×52.5) Å3. Periodic boundary conditions with 
minimum image conventions were applied in all three spatial directions. 
Figure 4.24: Potential of mean force, W as a function of inter-atomic distance, r between 
the center of mass of CNTs for two different CNT chiralities. 
 
84 
 
 
 Entropy is calculated from the finite difference temperature derivative of the 
PMF, W(r) at each inter atomic distance between the COM of CNTs, r, viz., 
 



∆
∆−−∆+
=∆−
T
TTrWTTrWTrST ),(),()(    (4.4) 
where, T∆ is the temperature difference.  
The enthalpy contribution to the free energy, H(r), can then be obtained from 
entropy S(r) and the PMF, W(r) at temperature T as (Li, Bedrov et al. 2005), 
 )(),()( rSTTrWrH ∆+∆=∆                          (4.5) 
In the present calculation, values of T and T∆  are chosen to be 310 K and 23 K, 
respectively. Figure 4.25 shows the PMF variation at three different temperatures. The 
corresponding entropic and enthalpic contributions obtained from the data in Figure 
4.25, to the PMF between the center of mass of CNTs at 310 K along with the PMF, are 
shown in Figure 4.26. The stabilizing effects of entropic and enthalpic contributions of 
the PMF act in opposite direction to each other, and the relative proportion of the two 
contributions depends on the COM of CNTs.  The contact minimum state of PMF is 
entirely stabilized by the favorable enthalpic contribution, entropic contribution being 
highly unfavorable. The favorable enthalpic contribution is so huge that it stabilizes the 
CNT association even after compensating the unfavorable entropic effect. 
Beyond the first contact minimum in free energy, there are two other minima 
which correspond to the second and third SSM states with a CNT-solvent configuration 
having two/three intervening water layers which is stabilized by enthalpy. The barrier 
between CM and SSM is determined from a slight imbalance between the stabilizing 
enthalpic contribution and the destabilizing entropic contribution. Therefore, favorable 
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enthalphic contribution to the CNT interaction is responsible for strong interactions 
between CNTs and in-turn poor dispersion in water. 
 
Figure 4.25: Potential of mean force, W as a function of inter-atomic distance, r 
between the center of mass of CNTs for two CNTs in water at three different 
temperatures. 
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4.9 Conclusions 
Molecular dynamics simulations were carried out to predict the effective 
interactions in terms of the PMF between two carbon nanotubes as a function of their 
orientation and separation distance in water. The PMF was shown to vary significantly 
and nonlinearly with CNT orientation and separation distance. The effects of CNT length, 
diameter, and chirality on CNT interactions in water were also investigated. The PMF 
was shown to vary significantly and linearly with CNT length and nonlinearly with CNT 
Figure 4.26: Potential of mean force, W as a function of inter-atomic distance, r between 
the center of mass of CNTs for two CNTs in water with enthalpic (dotted line) and 
entropic (dashed line) contributions to it. 
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diameter. It was also found that the structural property of CNT chirality does not have 
any effect on CNT interactions. 
Simulations revealed that CNT length and diameter as well as addition of surfactant 
and its structures can significantly affect CNT interactions (i.e., PMFs vary significantly). 
The quantitative characterization of the potential of mean force provides an important 
tool which can be used to assess processing schedules. The clear increase in the attraction 
between two carbon nanotubes with bigger diameter agrees well with the published work 
in the literature. In addition, this technique can be used to test various solvent and CNT 
mixtures to determine optimal processing schedules. A correlation was developed by 
fitting the PMF data. This correlation can be used as a tool to determine the effective 
interactions between CNTs as a function of any inter-atomic distance and orientation 
angle. It can also be used to determine the mesoscale ordering between large numbers of 
CNTs in water.  
The entropic and enthalpic contributions to the PMF were also calculated from the 
temperature dependence of the PMF obtained from the MD simulations of CNT/water 
systems at two different temperatures. This study confirms the theoretical picture of the 
hydrophobic interactions of CNTs in water. Specifically, it was found that the 
stabilization of the contact minimum state is mainly due to an increase in entropy arising 
from the expulsion of the highly structured water layer and the enthalpic effect from the 
inter-CNT. Understanding these thermodynamic behaviors may help in explaining CNT 
aggregation phenomena observed in many solvent systems.  
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5. ATOMISTIC SIMULATIONS OF CNT INTERACTIONS IN 
WATER/SURFACTANT SYSTEMS: EFFECTS OF SURFACTANT 
CONCENTRATIONS AND STRUCTURES†
 
 
5.1 Overview 
The addition of surfactants, and varied processing techniques are used to increase 
the dispersion of the nanoparticles in aqueous solutions. In the previous chapter, 
molecular dynamics simulations were carried out to quantify the interactions between 
carbon nanotubes (CNTs) in water as a function of their orientations and inter-atomic 
distance. Other than quantifying CNT interactions in water, we are also interested in 
predicting the variations of CNT interactions in aqueous solutions with different types of 
surfactants.  
In the present atomistic model, we investigate the effects of surfactant addition and 
surfactant structures on CNT interaction and in-turn dispersion in water with two 
commonly used surfactants [sodium dodecyl sulfate (SDS) and sodium dodecylbenzene 
sulfonate (SDBS)] and (10,10) single walled CNTs at room conditions. An adaptive 
biasing force (ABF) method was used to speed up the calculations. The understanding of 
detailed atomic arrangements and atomic interactions between CNTs and surrounding 
molecules reported in this study is significantly helpful to computationally screening 
through different surfactants and perfectioning the CNT dispersion in aqueous solution. 
The data for CNT interactions with SDS and SDBS is compared qualitatively to verify 
                                                 
† Manuscript in preparation to submit for publication, Journal of Computational Materials 
Science, March 2010 
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the agreement with the experimental results reported in the literature. With this model, 
we are able to simulate different physical structures of CNTs and surfactants and quantify 
the effects of these structures on CNT interactions in aqueous medium.  
 
5.2  Introduction 
Single-walled CNTs have attracted vast research attention in the last two decades 
because of their outstanding intrinsic properties (Iijima 1991; Thess 1996; Ajayan 1999; 
Salvetat 1999; Demcyk 2004). With the outstanding beneficial characteristics, CNTs can 
be used for a wide range of applications in biomedical, nanocomposite, electronics, 
optics, and sensing. However, current techniques of CNT fabrication cannot produce 
homogenous CNTs, and this prevents the widespread use of CNTs. Certain applications 
require pure and well isolated different types of individual CNTs, hence rather extensive 
effort has been devoted to achieving good dispersion of CNTs through surfactant aided 
dispersion in aqueous media (Wang 2009). Further, it is likely that the molecular 
architecture of the surfactants may determine how individual surfactants adsorb on CNTs 
of given diameter, length, and chirality and may affect CNT interactions to design 
selectively stabilize CNTs in aqueous suspensions(Tummala and Striolo 2009). The 
detailed atomic arrangements and atomic interactions have become significant in 
understanding and perfectioning the surfactant-aided CNT dispersion procedure. A 
quantitative predictive tool is essential because only limited experimental data are 
available to elucidate these phenomena. During the initial processing of nanocomposites, 
CNTs are often dispersed in a liquid with the aid of a surfactant (Xie, Maia et al. 2005). 
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Controlling dispersion of CNTs within the matrix requires a fundamental understanding 
of how the CNTs interact with the liquid, surfactant, and each other. 
It is not clear how different CNT length, diameter, chirality and surfactants affect 
the interactions between CNTs as well as their arrangements in the aqueous suspension. 
Due to experimental limitations at the nanoscale, experimental studies cannot provide the 
detailed structural information about CNT/surfactant arrangements and their interactions 
in aqueous solutions. Experimental studies can only hypothesize and suggest about these 
phenomena. For example, some studies postulated that the carbon nanotube−surfactant 
complexes resemble micelles in which the carbon nanotube forms the core and the 
surfactants extend radially from the core (O'Connell, Boul et al. 2001; Hagen and Hertel 
2003). Yurekli et al. (Yurekli, Mitchell et al. 2004) reported experimental assessment on 
the morphology of surfactant aggregates adsorbed on carbon nanotubes using neutron 
scattering. Their experimental data suggested the formation of disordered aggregates of 
surfactant formed on CNTs.  
With the current computational resources, molecular simulations can be 
conducted at the all-atom level to understand the detailed equilibrium structure of 
surfactant aggregates adsorbed on CNTs of various diameters, lengths, and chiralities as 
well as their interactions between them and surrounding molecules in aqueous 
suspensions. The understanding of CNT interactions and visualizing the molecular 
arrangements of CNTs/surfactant suspensions will allow us to understand the driving 
forces responsible for determining the aggregate morphology; thus leading to the design 
of CNT/surfactant system more effective for stabilizing aqueous CNT dispersion.  
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Trummala and Striolo (Tummala and Striolo 2009) studied the morphology of 
SDS surfactants adsorbed on (6,6), (12,12), and (20,20) single-walled carbon nanotubes 
(SWNTs) using molecular dynamics simulations. Their results showed that the 
morphology of the surfactant aggregates strongly depends on the nanotube diameter. The 
study considered only one SWNT and surfactant in the computational cell and did not 
calculate the PMF that governs the interactions between SWNTs responsible for proper 
SWNT dispersions in aqueous suspensions.  Our previous study reported in chapter 4 of 
this thesis introduces a computational tool to understand the interactions between SWNTs 
in water with some introductory results in water/surfactant systems(Uddin, Capaldi et al. 
2009). Following our previous study, we present here the structures predicted in the 
simulation results obtained for two different surfactants (SDS and SDBS) adsorbed on 
(5,5), (5,0), and (10,10) SWNTs at room conditions, and we compare those proposed in 
the literature qualitatively. Specifically, we analyze the effect of SWNT length, diameter, 
and chirality and surfactants type on the SWNT interactions in terms of PMF. The 
surfactant adsorption behavior and interactions between SWNTs are compared 
qualitatively with the experimental data reported by Islam et al. (Islam, Rojas et al. 2003), 
Richard et al.(Richard, Balavoine et al. 2003), Utsumi et al.[31], and Yurekli et al. 
(Yurekli, Mitchell et al. 2004). 
 
5.3 Simulation Details 
5.3.1
The present molecular dynamics (MD) studies include a representative volume 
element (RVE) consisting of two single walled CNTs surrounded by water molecules. 
 Computational Specifications 
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The RVE was equilibrated for 5 nanosecond with a time step of 1 fs in the NPT ensemble 
(the number of particles N, the pressure P and the temperature T being constant) using the 
NAMD software package (2009). The simulation cell dimension (x× y× z) is 
(62.5×52.5×52.5) Å3. Periodic boundary conditions with the minimum image convention 
were applied in all three spatial directions.   
The Langevin dynamics method (Wu and Brooks 2003), where additional 
damping and random forces are introduced to maintain an approximately constant 
temperature across the system, was employed to keep the temperature at 310 K. The 
pressure was maintained at 1 atm using a Langevin piston (Feller, Zhang et al. 1995). 
This method was combined with the method of temperature control, Langevin dynamics, 
in order to simulate the NPT ensemble. The intermolecular three point potential (TIP3P) 
model was employed (Price and III 2004) to represent water molecules. The empirical 
CHARMM force field (MacKerell, Bashford et al. 1998) was used to describe inter-
atomic interactions. Electrostatic and van der Waals interactions were truncated smoothly 
by means of a 12  Å spherical cutoff in conjunction with a switching function. To 
investigate the effect of surfactant in CNT interactions in water, sodium dodecyl sulfate 
(SDS, C12H25SO4Na) and sodium dodecylbenzene sulfonate (SDBS, C12H25C6H4SO3Na), 
two widely used anionic surfactant to disperse CNTs into inorganic solvents, were used  
as suggested by Islam et al. (Islam, Rojas et al. 2003) and Vaisman et al. (Vaisman, 
Wagner et al. 2006). To investigate the effect of surfactant in CNT interactions in water, 
sodium dodecyl sulfate (SDS, C12H25SO4Na), a widely used anionic surfactant to disperse 
CNTs into inorganic solvents, was used  as suggested by Vaisman et al. (Vaisman, 
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Wagner et al. 2006).  The CNTs and surfactants were first distributed randomly in the 
water. 
The CNTs and surfactants were first distributed randomly in the simulation cell 
and then water molecules were inserted randomly to ensure the water density as 0.99 
gm/cm3. The MD simulations were carried out to observe the progress of migration and 
final equilibrium positions of the SDS molecules and CNTs in water. Once the 
equilibrium system was obtained then the interactions between the CNTs were 
determined by calculating the PMF between the center of mass of CNTs. The potential of 
mean force (PMF), W was computed as a function of separation distance between the 
CNTs. 
 
5.3.2 Calculation of the Potential of Mean Force (PMF) 
The PMF between two CNTs can be written as a function of the separation between 
them, )(rfW = . The mean force, )(rF , between these two atoms is then defined as:  
( ) [ ( )]dF r W r
dr
= −                        (5.1) 
However, fully characterizing the interaction between two CNTs (Figure 5.1) requires the 
addition of variables to account for their relative orientation. In addition to the separation 
distance r, we introduce the relative angles between nanotubes, θ  and φ, which account 
for CNT alignment as shown in Figure 5.1. The PMF, between two CNTs with constant φ 
has the form: 
( , )W f r kTθ= = −  0( , )l n P r Wθ +                   (5.2) 
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where r is the distance between the center of mass of CNT 1 and CNT 2;  θ  is a measure 
of the alignment between the two CNTs as shown in Figure 1; k  is the Boltzmann 
constant; T is the temperature; ),( θrP  is the probability of finding the system with 
specified r and θ ; and 0W  is a constant. In equation (5.2), W  is the effective interaction 
between CNT 1 and CNT 2 averaged over the conformations of all other components in 
the system. 
  Using adaptive biasing method, we use constrained molecular dynamics 
simulations and a discretization of phase space to obtain the PMF. In each simulation we 
fix the position of the CNTs in the presence of mobile solvent (water) and surfactant 
(SDS/SDBS) and then determine the constraint forces required to hold the molecule in 
place. 
 
Figure 5.1: Schematic of the orientation of two CNTs. 
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To explore the interactions between CNTs as a function of r, θ, and φ with the addition 
of surfactant, a total of 16 cases were considered as listed in table 5.1. For each case, the 
system was equilibrated for 2 ns, then the PMF was determined with the ABF method 
from a 10 ns MD simulation. The center of mass of the CNTs, r was chosen as the 
reaction coordinate for ABF method and simulations were carried out restraining the 
range of the reaction coordinate parameter to d≤ξ≤30 Å with a bin size of 1.0=δξ  Å, 
where d represents the diameter of the CNT.  
Table 5.1 Simulation cases studied for CNT interactions in water/surfactant systems 
PMF Calculation Simulation Cell Number of Cases 
W(r, θ, φ=0) 
θ=0 
CNT/Water/SDS  
20 
SDS 
4 
θ=20 
θ=45 
θ=90 
W(r, θ, φ=45) 
θ=0 
CNT/Water/SDS 
20 
SDS 
4 
θ=20 
θ=45 
θ=90 
 
 
W(r, θ, φ=90) 
θ=0 
 
 
CNT/Water/SDS 
20 
SDS 
 
 
 
 
4 
θ=20 
θ=45 
θ=90 
W(r, θ=0, φ=0) CNT/water/SDS  10 3 
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SDS 
20 
SDS 
30 
SDS 
W(r, θ=0, φ=0) CNT/water/SDBS 
30 
SDBS 
1 
 
5.4 Description of Equilibrium Systems 
The thermodynamic parameters such as total energy of the system, temperature and 
pressure were monitored during each simulation case to observe the simulation accuracy. 
Energy, temperature and water density data were saved after 1000 time steps. The 
variation of total energy, temperature and water density was found similar as presented in 
section 4.3 chapter 4. For all cases the total energy of the system initially fluctuated and 
was minimized and the temperature of the system was remained constant at 310K. The 
density of water at 310K was fluctuated between 1.02 and 1.03 gm/cm3. 
The initial configuration was determined by randomly inserting the CNTs and 
surfactant molecules in water. Two CNT-water-surfactant systems were considered with 
two different numbers of surfactant (sodium dodecyl sulfate, SDS) molecules for the 
parallel CNT orientation. The parallel configuration was chosen to explore the 
equilibrium configurations since it is expected to have the deepest well for the potential 
of mean force. A zoomed snapshot of the simulation cell for the initial and equilibrium 
configurations is presented in Figure 5.2 for CNTs in water-surfactant system for the case 
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of CNT orientation θ = 0 and φ = 0. In the system 20 SDS molecules which are enough to 
cover the CNT(5,5) surface area were considered as suggested by Tummala and Striolo 
(Tummala and Striolo 2008). For clarity, the initial and equilibrium configurations are 
presented in Figure 5.3 representing CNT/SDS molecules only without water. The 
oxygens (red), hydrogens (grey), and carbons (cyan) are drawn as spheres where bonds 
are drawn as cylinders.  
  
(a) initial    (b) equilibrium 
Figure 5.2: A snapshot of the simulation cell showing the two CNTs in H2O and 
surfactant (C12H25SO4Na) system at CNT orientation θ = 0 and φ = 0. The oxygens (red), 
sulfurs (yellow), hydrocarbon groups (grey), carbons (cyan), and sodium ions (blue) are 
drawn as spheres where bonds are drawn as cylinders. 
During the simulation the surfactant (Sodium Dodesyl Sulfate, SDS) molecules 
were found to migrate towards the CNT surface and wrap around the CNTs in the 
equilibrium state as shown in Figures 5.2 and 5.3. The chemical structure of surfactant 
molecules contains two parts - the hydrophobic tail and hydrophilic head. The 
hydrophobic tail (C12H25) of the SDS molecules is attracted to the CNT surface due to 
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van der Waals attraction. The hydrophilic head (Na+SO4-) was surrounded with water. 
This adsorption of SDS molecules on the CNT surface may create a distribution of 
negative charges that prevents their aggregation and induces stable suspensions in water. 
The formations of SDS assembly at the CNT surface can be validated by the 
experimental studies of Richard et al.(Richard, Balavoine et al. 2003). They investigated 
the images of the assembly of surfactants on the surface of carbon nanotubes obtained by 
transmission electron microscopy. Our simulation results match well with their 
experimental findings. 
  
(a)                                                               (b)  
Figure 5.3:  (a) Initial and (b) final (at equilibrium) system configuration of 
CNTs and 20 SDS molecules (for clarity water molecules are not shown) at 
CNT orientation θ =0 and φ=0.     
The structural changes of molecules during the equilibration can be explored 
using the radial distribution function [RDF, g(r)]. Figure 5.4 represents the RDF, 
averaged over the 200 frames each taken after every 10,000 time steps during the 
equilibration, between the center of mass (COM) of CNTs and the COM of surfactant, 
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SDS and COM of water. It can be noted that the possibility of observing surfactant 
molecules in between the CNTs is much higher than that of water molecules. At short 
distances (less than CNT diameter, 6.7Å), the low value of RDF indicates that there is no 
SDS inside the CNTs where there may be some water molecules. These RDF 
characteristics agree very well with the equilibrium configurations given in Figures 5.2(b) 
and 5.3(b). It can also be noted that the distance between CNTs where finding SDS is 
very high is about 3.4 Å (i.e., (10.1-6.7)Å.  
 
Figure 5.4: Radial distribution function of center-of-mass (COM) of CNTs to COM of 
surfactant, SDs and water for θ = 0 and φ=0. 
5.5 Effect of CNT Orientation on CNT Interactions in Water/Surfactant Systems 
Molecular dynamics simulations are carried out considering three sets of cases for 
the discretized value of the angle, φ (i.e., 0, 45⁰, 90⁰) to investigate the effect of CNT 
orientation on CNT interactions in terms of the governing potential of mean force (PMF) 
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in water. Each of the set consists of four cases for four discretized value of the other 
angle, θ (i.e., 0, 20⁰, 45⁰, 90⁰) as described in Table 5.1.  The calculated results for the 
first set are discussed below and subsequently for the other sets of cases.  
The computed PMFs between carbon nanotubes as a function of both separation 
and orientation angles (θ, φ =0) are shown in Figure 5.5. The horizontal axis of the figure 
is normalized with the CNT diameter, d=6.78Å. For reference, the PMF curve for CNTs 
in water system with θ = 0, φ = 0 is also given in Figure 5.5. It can be observed that the 
well depth reduces with the addition of surfactant and also is strongly dependent on the 
orientation angle, θ. For , the potential has a minimum with a contact minimum 
(CM) value of about 42 kcal/mol for which the nanotube surfaces are almost touching. 
The strongest interactions between CNTs can be found at CM for parallel CNT 
orientation (i.e., θ=0 and φ=0).  
The corresponding configurations for all important characteristics of PMF curve 
is given in Figure 5.6 for θ=0 and φ=0 case since the other PMF curves are showing the 
similar characteristics. At desolvation maximum (DM), water molecules tend to move in 
between the CNTs causing the unfavorable free energy for CNTs (i.e., energy barrier). 
The higher value of DM contributes the better dissociation between CNTs which we can 
observe for higher theta angles. The two other minima, solvent-separated minimum 
(SSM) and third minimum (TM), refer to the stable water layer in between the CNTs 
after the DM location for all cases.        
 For other orientations of CNTs as compared with the parallel position, the 
interaction between the CNTs is strongest at zero degrees and becomes weaker for higher 
angles.  As one nanotube is rotated with respect to the other, the contact surface between 
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them becomes smaller. Therefore, the depth of the potential well decreases. In addition, 
the position of the potential well shifts to the right as the carbon atoms on the face of each 
nanotube contact one another at a smaller center of mass separation. This quantitative 
potential may be used to evaluate the formation of aggregates during the dispersion of 
CNTs in water for applications such as the initial nanocomposite fabrication processes. 
 
Figure 5.5: Potential of mean force, W as a function of inter-atomic distance, r between 
the center of mass of CNTs at different CNT orientations (θ = 0, 20°, 45º and 90 º) with φ 
=0 in water/surfactant. The important characteristics of PMF curve are shown as CM 
(contact minimum), DM (desolvation maximum), and SSM (solvent-separated minimum) 
for θ=0⁰. 
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(1) CM                      (2) CM (CNT/water) 
   
(3) DM               (4)    SSM                
Figure 5.6: Four different configurations of CNT/water/surfactant systems showing the 
indicated PMF locations in Figure 4.10 for (1) contact minimum (CM), (2) CM for 
CNT/water, (3) desolvation maximum (DM), and (4) solvent-separated minimum (SSM). 
Each configuration is taken from the equilibrated simulations during PMF calculation.   
Figure 5.7 displays the van der Waals representation of each configuration shown 
in Figure 5.5 from which we can clearly observe the actual contact in between the 
molecules in the system. As the CNT diameter is 6.9 Å, the van der Waals radius for 
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carbon atom is 1.7 Å, the center of mass separation, r, at which the carbon atoms on the 
face of the nanotubes have a potential minimum (CM) is (6.9 +1.7) Å =8.6 Å .  At 
smaller distances, repulsive forces between the carbon atoms on the faces of the 
nanotubes dominate.  
   
(a)   CM    (b)   CM (CNT/water)     
 
 
 
    
  (c)  DM     (d)  SSM 
Figure 5.7: Van der Waals representation of different configurations of 
CNT/water/surfactant systems showing the indicated PMF locations in Figure 5.5 
for (1) CM, (2) CM for CNT/water, (3) DM, and (4) SSM. Each configuration is 
taken from the equilibrated simulations during PMF calculations. 
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In order to generalize the tabulated PMF in a form that is readily used in 
mesoscale simulations, we have fit the tabulated data with a functional form that depends 
on both separation distance and angular orientation. The resulting fit based on the data in 
Figure 5.5 is given by the values of the coefficients in equation (5.3) determined from the 
simulation data by using the least square method.  
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The second set of simulations constrained φ = 45º with θ = 0º, 20º, 45º and 90⁰ for 
the two carbon nanotubes in water/surfactant system were conducted. The distance r 
between the centers of mass was treated as the reaction coordinate, and the free energy of 
interaction (PMF) was computed along this reaction coordinate. Given the symmetry, a 
coarse approximation of the potential of mean force, W as a function of θ and r with fixed 
φ = 45º for two CNTs in water was constructed, Figure 5.8. The surface plot for the 
corresponding PMF is described in Figure 5.9 showing the potential well depth location 
clearly. This potential illustrates that the potential depends not only on the separation 
distance, and orientation angle, θ but also on orientation angle, φ. The depth of the 
potential well decreases as the angle θ increases. As compared with the parallel CNT 
orientation (i.e., θ = 0º and φ = 0º) (Figure 5.5), we can see that the potential well depth 
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for PMF for θ = 0º and φ = 45º is approximately 66% shallower than that for θ = 0º and φ 
= 0º. The potential behaves as expected, with a strong repulsion at short distances and 
decreasing interaction strength at large distances. 
 
Figure 5.8: Two dimensional potential of mean force, W(r, θ), contours for two 
carbon nanotubes in water/surfactant as a function of the separation between their centers 
of mass, r, and orientation angle θ with φ = 45º. 
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Figure 5.9: Two dimensional surface plot for the potential of mean force, W(r, θ), 
contours for two CNTs in water as a function of the separation between their centers of 
mass, r, and orientation angle θ with φ = 45º. 
The second third sets of simulations constrained φ = 90º with θ = 0º, 20º, 45º and 
90⁰ for the two carbon nanotubes in aqueous solution (water/surfactant) were conducted. 
The distance r between the centers of mass was treated as the reaction coordinate, and the 
free energy of interaction (PMF) was computed along this reaction coordinate. Given the 
symmetry, a coarse approximation of the potential of mean force, W as a function of θ 
and r with fixed φ = 90º for two CNTs in water was constructed, Figure 5.10. The surface 
plot for the corresponding PMF is described in Figure 5.11 showing the potential well 
depth location for different angles clearly. It can be seen that the potential well depth is 
higher for higher angles and lowest possible for the orientation of θ = 0º and φ = 90º as 
the distance between CNT surfaces is the highest. We can see that the potential well 
depth for PMF for θ = 0º and φ = 90º is approximately 70% shallower than that for θ = 0º 
and φ = 45º. 
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Figure 5.10: Two dimensional potential of mean force, W(r, θ), contours for two 
carbon nanotubes in water/surfactant system as a function of the separation between their 
centers of mass, r, and orientation angle θ with φ = 90º. 
 
Figure 5.11: Two dimensional surface plot for the potential of mean force, W(r, 
θ), contours for two CNTs in water/surfactant system as a function of the separation 
between their centers of mass, r, and orientation angle θ with φ = 90º. 
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5.6 Effect of Surfactant Concentration on CNT Interactions in Aqueous Solutions 
 Molecular dynamics simulations are carried out with the biased method described 
in Section 2 for CNTs(5,5) immersed in a water-surfactant system at 310K temperature in 
the NPT ensemble for three different surfactant concentrations as shown in Figure 5.12. 
The intermolecular three point potential (TIP3P) model was employed (Price and III 
2004) to represent water molecules. The empirical CHARMM force field (MacKerell, 
Bashford et al. 1998) was used to describe inter-atomic interactions for all other 
molecules. The simulation cell dimension was (x× y× z) is (62.5×52.5×52.5) Å3. Periodic 
boundary conditions with minimum image conventions were applied in all three spatial 
directions. 
 The initial configuration was determined by randomly inserting the CNTs and 
surfactant molecules in water. Three CNT-water-surfactant systems were considered 
with three different numbers of surfactant (sodium dodecyl sulfate, SDS) molecules (10, 
20 and 30) following the work by Tummala and Striolo (Tummala and Striolo 2008) for 
the parallel CNT orientation. The parallel configuration was chosen since it has the 
potential of mean force has the deepest well for this orientation as shown in Figure 5.5 
(i.e., θ=0 and φ=0). After 2 ns simulation, the equilibrium systems were obtained and 
presented in Figure 5.6. Figure 7 (a), (b), and (c) for CNT/water/surfactants systems and 
(d), (e), and (f) for CNT/surfactant with number of SDS molecules as 10, 20, and 30 
respectively. It can be observed that    
109 
 
 
  During the simulation the surfactant (Sodium Dodesyl Sulfate, SDS) molecules 
were found to migrate towards the CNT surface and wrap around the CNTs in the 
equilibrium state as shown in Figure 5.13. The chemical structure of surfactant 
molecules contains two parts - the hydrophobic tail and hydrophilic head. The 
hydrophobic tail (C12H25) of the SDS molecules is attracted to the CNT surface due to 
van der Waals attraction. The hydrophilic head (Na+SO4-) was surrounded with water. 
This adsorption of SDS molecules on the CNT surface may create a distribution of 
negative charges that prevents their aggregation and induces stable suspensions in water. 
The formations of SDS assembly at the CNT surface can be validated by the 
experimental studies of Richard et al.(Richard, Balavoine et al. 2003). They investigated 
the images of the assembly of surfactants on the surface of carbon nanotubes obtained by 
transmission electron microscopy. Our simulation results match well with their 
experimental findings. 
(a) SDS 10 
 
 Figure 5.12: A snapshot of the simulation cell showing the initial configuration of two CNTs 
with three different surfactant concentrations [for clarity water molecules are not shown]. 
  
 
(c) SDS 30 
 
(b) SDS 20 
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 The shift in the potential of mean force due to the addition of SDS is shown in 
Figure 5.14.  Since the SDS molecules wrap around the CNT surface effectively 
increasing the diameter of the CNT, the potential of mean force was shifted to the right. 
The SDS has also mitigated the attractive forces between the CNTs resulting in a 
decreased well depth. The result agrees qualitatively with what is expected. The addition 
of SDS coats the CNT decreasing the attractive interactions between CNTs. It can also 
be noted that the addition of 4 SDS molecules was sufficient to shift the potential of 
Figure 5.13:  Equilibrium system configurations of CNT/water/SDS (a, b, c) and CNT/SDS 
with SDS molecules as 10, 20, 30 at CNT orientation θ =0 and φ=0.     
(a) CNT/SDS 10 
(c) CNT/water with SDS 30 (a) CNT/water with SDS 10 
(a) CNT/SDS 20 
(a) CNT/water with SDS 20 
(a) CNT/SDS 30 
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mean force and decrease its well depth. Addition of 10 SDS molecules only marginally 
decreased the well depth.  
 
 
5.7 Effect of Surfactant Structure on CNT Interactions     
 The performance of two different structured and commonly used surfactants 
[sodium dodecyl sulfate (SDS, C12H25SO4Na) and sodium dodecylbenzene sulfonate 
(SDBS, C12H25C6H4SO3Na)] are investigated in water with CNT(10,10) for which the 
strongest interactions in water were observed (Figure 4.22). For these two cases, 
molecular dynamics simulations are carried out with the biased method described in 
Figure 5.14: Potential of mean force, W(r),  for two carbon nanotubes in a water/surfactant 
systems with three different surfactant concentration as a function of the separation between 
their centers of mass, r, for θ=0 and φ=0. 
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Section 2 for CNTs(10,10) immersed in a water-surfactant system at 310K temperature in 
the NPT ensemble for two different surfactants of SDS and SDBS as shown in Figure 
5.10. The intermolecular three point potential (TIP3P) model was employed (Price and III 
2004) to represent water molecules. The empirical CHARMM force field (MacKerell, 
Bashford et al. 1998) was used to describe inter-atomic interactions for all other 
molecules. The simulation cell dimension was (x× y× z) is (62.5×52.5×52.5) Å3. Periodic 
boundary conditions with minimum image conventions were applied in all three spatial 
directions. 
   
  
The initial configuration was determined by randomly inserting the CNTs and 
surfactant molecules in water. Two CNT(10,10)-water-surfactant systems were 
considered with the numbers of surfactant molecules as 10 for SDS and SDBS. The 
(a)  
 
 Figure 5.15: A snapshot of the simulation cell showing the initial configuration of two CNTs 
with two different surfactants (a) SDS and (b) SDBS [for clarity water molecules are not 
shown]. 
  
 
(b)  
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initial and final (at thermodynamically equilibrium) configurations of the simulation cell 
of CNT/surfactant are presented in Figure 5.10 and 5.11 for two different surfactants.  
During the simulation the surfactant molecules were found to migrate towards the CNT 
surface and wrap around the CNTs in the equilibrium state as shown in Figure 11 for (a) 
SDS (b) SDBS surfactants. The chemical structure of surfactant molecules contains two 
parts - the hydrophobic tail and hydrophilic head group. The hydrophobic tail of both 
surfactant molecules is attracted to the CNT surface due to van der Waals attraction 
where the hydrophilic head is leaning toward water molecules. This adsorption of 
surfactant molecules on the CNT surface may create a distribution of negative charges 
that prevents their aggregation and induces stable suspensions in water. The hydrophobic 
chain of SDBS surfactant contains an extra benzene ring which increases headgroup size 
and alkyl chain length and subsequently charge induction more than that of SDS 
surfactant. Because of these, SDBS thwarts CNTs more to come close to each other as 
compared with SDS surfactant. The formations of surfactant assembly at the CNT 
surface can be validated by the experimental studies of Richard et al.(Richard, Balavoine 
et al. 2003) and Yurekli et al. (Yurekli, Mitchell et al. 2004). They investigated the 
images of the assembly of surfactants on the surface of carbon nanotubes obtained by 
transmission electron microscopy and Raman spectroscopy. Our simulation results match 
qualitatively with their experimental findings of SDS and SDBS adsorptions on CNT 
surface. 
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 The structural transformation of different types of molecules in CNT/water/SDS 
and CNT/water/SDBS systems during the equilibration can be described by using radial 
distribution function (RDF), g (r) and by mean squared displacement, MSD. During the 
(a) SDS/water (b) SDBS/water 
Figure 5.16:  Equilibrium system configurations of CNTs with surfactant (a) SDS and (b) 
SDBS molecules.     
(a) SDS (b) SDBS 
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equilibration, the trajectories of the atoms of the system considered were saved and 
analyzed here to describe the structural changes for the cases of SDS and SDBS addition.  
The RDF is shown in Figure 5.17 for SDS and SDBS. It can be noted that at short 
distances (less than atomic diameter), RDF is zero due to the strong repulsive forces and 
within CNTs there is no surfactant molecules. The first large peak occurs at a distance of 
5.6 Å, with RDF having a larger value for SDS as compared with SDBS. This means that 
it is more likely that the center-of-mass (COM) of CNTs and SDS molecules would be 
found at this separation. Both SDS and SDBS have the first and the second peak in RDF 
curves with increasing distance, indicating a more efficient packing of surfactant 
molecules around CNTs even at larger distance. The radial distribution function then falls 
and passes through a minimum value indicating unfavorable locations of having 
association between surfactant molecules and CNTs.  
The overall movement of each type of molecules in the simulation systems 
considered here is quantified with the mean squared displacement (MSD) of SDS, SDBS 
and CNTs and presented in Figure 5.18 as a function of frame. Each frame is taken 
during equilibration of the cell at 10,000 steps interval. From the MSD curves, it is clear 
that both surfactant molecules gradually migrated towards CNTs and moved around the 
CNTs since the MSD values increased gradually for both SDS and SDBS surfactants. 
The notable feature is: SDBS contributes more displacements to CNTs as compared with 
SDS indicating that SDBS interacts more efficiently with CNTs and in-turn may provide 
better dispersion of CNTs in water rather than SDS. This further confirms the adsorption 
behavior observed in Figure 5.16 and also matches well with the experimental predictions 
of Islam et al. (Islam, Rojas et al. 2003).   
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Figure 5.17: Radial distribution function of center-of-mass (COM) of CNTs to COM of 
SDS and SDBS in CNT/water/surfactant systems. 
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Figure 5.18: Mean square displacement of SDS, SDBS and CNT in 
CNT/water/Surfactant systems [CNT(SDS) and CNT(SDBS) refer to CNT displacements 
in water/SDS and in water/SDBS respectively]. Each frame is taken during equilibration 
of the cell at 10,000 steps interval. 
The shift in the potential of mean force due to the addition of surfactant is shown 
in Figure 5.19.  Since the surfactant molecules wrap around the CNT surface effectively 
increasing the distance between the CNTs, the potential of mean force was shifted to the 
right. The surfactant has also mitigated the attractive forces between the CNTs resulting 
in a decreased well depth. The addition of surfactant coats the CNT decreasing the 
attractive interactions between CNTs. It can also be noted that the addition of SDBS was 
more effective in shifting the potential of mean force between CNTs and especially in 
reducing the potential well depth by a factor of about 10 as compared with that of SDS. 
Therefore, it is easier for CNTs to flee out of the potential well in water in presence of 
SDBS than in presence of SDS. 
Figure 5.7 displays the two important configurations shown in Figure 5.19, for 
both SDS and SDBS surfactants, from which we can clearly observe the actual contact in 
between the molecules in the system. The significant note here is that the CM and SSM 
are the same for SDBS – this favorable configuration remains the same even at longer 
distance for SDBS. As the CNT diameter is 13.78 Å, the van der Waals radius for carbon 
atom is 1.7 Å, the center of mass separation, r, at which the carbon atoms on the face of 
the nanotubes have a potential minimum (CM) is (13.78 +1.7) Å =15.48 Å .  At smaller 
distances, repulsive forces between the carbon atoms on the faces of the nanotubes 
dominate.  
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The reduction of PMF indicates that SDBS surfactant is more effective (in the 
order of about 10) in reducing CNT aggregates in water as compared with SDS 
surfactant. This prediction agrees qualitatively very well with the experimental 
investigations of Islam et al. (Islam, Rojas et al. 2003) on the dispersion quality of 
surfactant-stabilized SWNTs in water with different surfactants including SDS and 
SDBS. They discovered that SDBS surfactant enhances the stability of SWNTs in water 
by a factor on the order of 10 to 100 compared to that of other commonly employed 
surfactants including SDS. 
 
 
Figure 5.19: Potential of mean force, W as a function of inter-atomic distance, r 
between the center of mass of CNTs for different surfactants (SDS and SDBS). For 
reference, PMF for CNT(10,10)/water is given.  
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(1) CM (SDS)                     (2) CM (SDBS) 
        
           (3)      SSM (SDS)        (4) SSM (SDBS)               
Figure 5.20: Four different configurations of CNT/water/surfactant systems showing the 
indicated PMF locations in Figure 5.11 for (1) contact minimum (CM) for CNT/SDS, (2) 
CM for CNT/SDBS; (3) solvent-separated minimum (SSM) for CNT/SDS and (4) SSM 
for CNT/SDBS (for clarity water molecules are not shown). Each configuration is taken 
from the equilibrated simulations during PMF calculation.   
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5.8 Conclusions 
Molecular dynamics simulations were carried out to predict the effective 
interactions in terms of the PMF between two carbon nanotubes as a function of their 
separation distance and orientation in water/surfactant systems. The effect of CNT 
orientation, surfactant concentration, and surfactant structure on CNT interactions in 
water/surfactant was investigated. The PMF was shown to vary significantly with the 
CNT orientation as found in the previous chapter, addition of surfactant and surfactant 
structure. The PMF curves for CNT orientation show that CNT surface energy is causing 
the strong interactions between CNTs in water/surfactant systems. The strength of the 
CNT interactions becomes weaker and weaker with the incremental distance and 
deviation of faces between CNTs.  
Simulations revealed that CNT increment of surfactant concentration can 
significantly affect CNT interactions (i.e., PMFs vary significantly) in aqueous solution. 
Very high surfactant concentration has little effect in reducing the interaction force and 
may cause micelle formation in the solution. Surfactant molecules were found to adsorb 
at the CNT surface and reduced interaction between CNTs. SDBS surfactant contributed 
weaker interactions between CNTs as compared with that of SDS surfactant by a factor 
of about 10 indicating that SDBS is 10 times better than SDS for dispersing CNTs in 
aqueous suspension. This phenomenon agrees with the experimental results reported in 
the literature. The quantitative characterization of the potential of mean force provides an 
important tool which can be used to test various solvent, surfactant mixtures to determine 
optimal CNT dispersion processing schedules.   
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6. ATOMISTIC SIMULATIONS OF CNT INTERACTIONS IN POLYMER/WATER 
SYSTEMS‡
 
 
6.1 Overview 
Atomic scale modeling of a polymer/CNT/water system is rather challenging 
because of the significant number of atoms involved, and equilibration times for the 
polymer that are orders of magnitude longer than a few nanoseconds, which is typically 
the limit of large classical molecular dynamics simulations. Thus, the simulation work 
presented in this chapter is focused on composite systems with two CNTs and limited 
number of polymer chains. The simulation results can help to understand CNT 
interactions and interfacial behavior on an atomic scale, and can make useful predictions 
for improved CNT dispersion in polymer solution. 
In the present atomistic model, we investigate CNT interaction and in-turn 
dispersion in polymer/water systems with a water soluble polymer, polyethylene oxide 
(PEO) and two (10, 10) single walled CNTs at room conditions. An adaptive biasing 
force (ABF) method was used to speed up the calculations. The understanding of detailed 
atomic arrangements and atomic interactions between CNTs and surrounding PEO 
molecules reported in this study. With the availability of computation resource, this 
model can be extended for large number of polymer chains compatible with experimental 
investigations on CNT interactions in polymer aqueous medium.  
 
                                                 
‡ Manuscript is in preparation to submit in, Polymer, March 2010 
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6.2  Introduction 
Single-walled CNTs (SWNTs) have attracted vast research attention in the last 
two decades because of their outstanding intrinsic properties (Iijima 1991; Thess 1996; 
Ajayan 1999; Salvetat 1999; Demcyk 2004). Incorporating small volume fractions of 
SWNTs within a polymer matrix may lead to increased stiffness, improved electrical 
conductivity, and modified permeability of the composite. However, experimental studies 
have shown that aggregation and improper orientation of CNTs in the polymer matrix can 
degrade the ultimate properties and performance of the composite significantly (Dror, 
Salalha et al. 2003; Ko, Gogotsi et al. 2003; Zhuang, Sui et al. 2006). In order to 
maximize the improvement in material properties while minimizing the quantity of 
carbon nanotube (CNT), one must carefully control the dispersion of CNTs within the 
polymer matrix. During the initial processing of nanocomposites, CNTs are often 
dispersed in a liquid with the aid of a surfactant (Xie, Maia et al. 2005). Controlling 
dispersion of CNTs within the matrix requires a fundamental understanding of how the 
CNTs interact with the liquid and polymer.  
There are numerous atomistic modeling studies (Ennari, Neelov et al. 2000; 
Borodin, Trouw et al. 2002; Borodin, Smith et al. 2004) conducted for PEO/water 
systems to understand the interactions between PEO and water. For example, Borodin et 
al. (Borodin, Smith et al. 2004) performed molecular dynamics simulations of aqueous 
solutions of poly(ethylene oxide) (PEO) in order to investigate the influence of the 
polymer on water dynamics. Simulations were performed on 12 repeat unit CH3-capped 
PEO chains at 318 K covering a composition range (polymer weight fraction) from 0.17 
to 1.0.  
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Pang et al. (Pang, Xu et al. 2009) investigated the dispersion effect of carbon 
nanotubes (CNTs) in aqueous solutions by a silicon surfactant (ethoxy modified 
trisiloxane, named Ag-64) using experimental method and molecular dynamics 
simulation. The Si–O–Si chain of silicon surfactant was flexible due to long Si–C bond 
and it could easily wrap onto the surface of CNTs through hydrophobic and other 
intermolecular interactions. From the experimental study, they found that the hydrophilic 
part of PEO provided the CNTs dispersed in the aqueous solution and prevented CNTs 
from aggregating in water. They carried out simulations only for CNT/water/Ag-64 
systems not for CNT/polymer/water systems.  
So far, there is no published atomistic modeling work that focuses on CNT 
interactions in PEO/water systems. In this study, we present the simulation results for 
CNT/polymer/water systems with PEO polymer and (10,10) SWNTs at room conditions. 
Specifically, we analyze the interactions between SWNTs in PEO/water systems in terms 
of PMF for two different polymer concentrations. Solvent and PEO induced interactions 
are also investigated. We compare the CNT interactions in polymer aqueous solution 
with the experimental findings available in the literature.  
 
6.3 Simulation Details 
 
6.3.1
The present molecular dynamics (MD) studies include a representative volume 
element (RVE) consisting of two single walled CNTs surrounded by water molecules and 
PEO polymer chains. The RVE was equilibrated for 10 nanosecond with a time step of 1 
 Computational Specifications 
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fs in the NPT ensemble (the number of particles N, the pressure P and the temperature T 
being constant) using the NAMD software package (2009). The simulation cell 
dimension (x× y× z) is (120×60×60) Å3. Periodic boundary conditions with the minimum 
image convention were applied in all three spatial directions.   
The Langevin dynamics method (Wu and Brooks 2003), where additional 
damping and random forces are introduced to maintain an approximately constant 
temperature across the system, was employed to keep the temperature at 310 K. The 
pressure was maintained at 1 atm using a Langevin piston(Feller, Zhang et al. 1995). This 
method was combined with the method of temperature control, Langevin dynamics, in 
order to simulate the NPT ensemble. The intermolecular three point potential (TIP3P) 
model was employed (Price and III 2004) to represent water molecules. The empirical 
CHARMM force field (MacKerell, Bashford et al. 1998) was used to describe inter-
atomic interactions. Electrostatic and van der Waals interactions were truncated smoothly 
by means of a 12  Å spherical cutoff in conjunction with a switching function. To 
investigate the effect of PEO concentration on CNT interactions in water covering two 
different PEO compositions (polymer weight fraction) of 0.17 to 1.0. PEO chains were 
first distributed randomly in the simulation cell containing two SWNT and then water 
molecules were inserted randomly to ensure the water density as 0.99 gm/cm3. The MD 
simulations were carried out to observe the progress of migration and final equilibrium 
positions of the PEO chains and CNTs in water. Once the equilibrium system was 
obtained then the interactions between the CNTs were determined by calculating the 
PMF between the center of mass of CNTs. The potential of mean force (PMF), W was 
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computed as a function of separation distance between the CNTs for different PEO 
concentrations. The following cases were considered: 
Table 6.1.  List of cases studied for CNT interactions in water/polymer systems 
 
No. 
Simulation Cell 
Composition 
Number of 
PEO 
Repeat 
Units (RU) 
Number of 
PEO 
Chains  
Number of 
Water 
Molecules 
1 
 
CNT/water/polymer 12 20 3174 
2 CNT/water/polymer 20 20 2782 
3 CNT/vacuum ---- ----- ----- 
4 CNT/polymer/vacuum 12 20 ---- 
5 CNT/polymer/vacuum 20 20 ---- 
 
 
6.3.2 Calculation of the Potential of Mean Force (PMF) 
The PMF between two CNTs can be written as a function of the separation between 
them, )(rfW = . The mean force, )(rF , between these two atoms is then defined as:  
( ) [ ( )]dF r W r
dr
= −                        (6.1) 
However, fully characterizing the interaction between two CNTs (Figure 5.1) requires the 
PMF, between two CNTs with constant in the below form: 
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0)(ln)( WrPkTrfW +−==                              (6.2) 
where r is the distance between the center of mass of CNT 1 and CNT 2;  k  is the 
Boltzmann constant; T is the temperature; )(rP  is the probability of finding the system 
with specified r ; and 0W  is a constant. In equation (2), W  is the effective interaction 
between CNT 1 and CNT 2 averaged over the conformations of all other components in 
the system. 
  Using adaptive biasing method, we use constrained molecular dynamics 
simulations and a discretization of phase space to obtain the PMF. In each simulation we 
fix the position of the CNTs in the presence of mobile solvent (water) and PEO and then 
determine the constraint forces required to hold the molecule in place. 
 
Figure 6.1: Schematic of the orientation of two CNTs. 
 
To explore the interactions between CNTs as a function of r, each system was 
equilibrated for 10 ns, then the PMF was calculated with the ABF method from a 10 ns 
MD simulation. The center of mass of the CNTs, r was chosen as the reaction coordinate 
r 
CNT 2 CNT 1 
z 
x 
y 
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for ABF method and simulations were carried out restraining the range of the reaction 
coordinate parameter to D≤ξ≤30 Å with a bin size of 1.0=δξ  Å, where D represents the 
diameter of the CNT.  
 
6.4 Description of Equilibrium Systems 
The thermodynamic parameters such as total energy of the system, temperature and 
pressure were monitored during each simulation case to observe the simulation accuracy. 
Energy, temperature and water density data were saved after 1000 time steps. The 
variation of total energy, temperature and water density was found similar as presented in 
section 4.3 chapter 4. For all cases the total energy of the system initially fluctuated and 
was minimized and the temperature of the system was remained constant at 310K. The 
density of water at 310K was fluctuated between 1.02 and 1.03 gm/cm3. 
The initial configuration was determined by randomly inserting the CNTs and PEO 
chains subsequently and finally water molecules in the simulation cell. The initial and 
final (at thermodynamically equilibrium) configurations of the simulation cell of 
CNT/water/polymer (Case 1, Table 6.1) are presented in Figure 6.2.  During the 
simulation the PEO chains were found to migrate towards the CNT surface and wrap 
around the CNTs in the equilibrium state showing exactly the same behavior as surfactant 
molecules as described in Chapter 4 and 5. The chemical structure of PEO chain, CH3-O-
CH2(-CH2-O-CH2-)n-1CH2-O-CH3 contains large hydrophobic tail. The hydrophobic tail 
of PEO chains is attracted to the CNT surface due to van der Waals attraction. This 
adsorption of PEO chains on the CNT surface create a layer between CNTs but cannot 
create a distribution of negative charges that prevents their aggregation and induces stable 
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suspensions in water as surfactants do. The reason is PEO chain does not contain a 
charged hydrophilic head group where surfactant does. This adsorption behavior matches 
well with the experimental investigation of Holland et al. (Holland, Xu et al. 2001) on 
PEO adsorption onto a graphite substrate. In addition, it is clear that PEO chains form 
cluster where the notable feature is that the chain ends have the tendency to stick to other 
chain. These chain ends are the dominant factor driving PEO cluster formation because of 
hydrophobic forces on chain ends. When chain ends are not happy staying dissolved, they 
tend to stick to more favorable groups on another polymer chain. This creates network 
structures where both ends are tethered or branched structures where only one end is 
tethered. This finding matches exactly with the experimental investigation of Hammouda 
et al. (Hammouda, Ho et al. 2004) on clustering of PEO in solutions by using small-angle 
neutron scattering.  
  
(a)       (b)        
Figure 6.2:  (a) Initial and (b) Equilibrium system configuration of CNTs with PEO (for 
clarity water molecules are not shown).     
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During the equilibration, the trajectories of the atoms of each system considered 
were saved and analyzed here to explore the structural transformations. Radial 
distribution function (RDF) and mean squared displacement (MSD) were calculated to 
describe the structural changes between CNT and PEO.  
The radial distribution function between center of mass (COM) of CNTs and 
COM of PEO is shown in Figure 6.3 for the cases 1 and 2 as mentioned in Table 6.1. It 
can be noted that at short distances (less than atomic diameter), RDF is zero due to the 
strong repulsive forces between CNTs and within CNTs there is no PEO chain. The first 
large peak occurs at a distance of 5Å, with RDF having a larger value for longer chain 
PEO. This means that it is more likely that the center-of-mass (COM) of CNTs and PEO 
chains would be found at this separation. At this location some of PEO chains stay in 
between CNTs. The radial distribution function then falls and passes through a minimum 
value indicating unfavorable locations of having PEO chains in between COM of CNTs 
and PEO. At larger distance, RDF tends to flatten towards the value of 1Å due to weaker 
CNT interactions.  The RDF data agrees well with the mean squared displacement (MSD) 
of CNTs and PEO presented in Figure 6.4. From the MSD plots, it is clear that PEO 
chains gradually migrated towards CNTs and moved around the CNTs since the MSD 
values increased gradually and tended to be stabilized at the end where CNTs do not 
move that much. It can also be noted that short chains PEO move more than that of 
longer chains PEO as the longer chains PEO stay in between CNTs in a more stable way, 
which is also seen in RDF curve in Figure 6.3.  
130 
 
 
 
Figure 6.3: Radial distribution function of center-of-mass (COM) of CNTs to COM of 
PEO in CNT/water/PEO systems. 
 
Figure 6.4: Mean square displacement of PEO and CNT in CNT/water/PEO systems. 
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6.5 CNT Interactions in CNT/PEO/Water Systems  
CNT interactions in water are investigated with two armchair single-walled CNT 
(10, 10) and (a) 12-repeat unit PEO chains as shown in Figure 6.5. MD simulations were 
carried out for these systems at 310K temperature in the NPT ensemble. The 
intermolecular three point potential (TIP3P) model was employed (Price and III 2004) to 
represent water molecules. The empirical CHARMM force field (MacKerell, Bashford et 
al. 1998) was used to describe inter-atomic interactions for all other molecules. Periodic 
boundary conditions with minimum image conventions were applied in all three spatial 
directions. 
 
Figure 6.5: Image of two CNTs in water/PEO of 12-repeat unit with 20 chains 
considered in potential of mean force calculations.  
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The computed PMFs between carbon nanotubes as a function of their separation 
are shown in Figure 6.6 for CNT/water and CNT/water/PEO (case 1 in Table 6.1). The 
PMF curves have characteristics shapes with one deep minimum each at about 1.21d and 
1.23d, corresponding to CNT/water and CNT/water/PEO systems respectively, where 
d~13.6Å is the CNT diameter. This minimum is referred to as the contact minimum (CM) 
(Sobolewski, Makowski et al. 2007).  The CM location for CNT/water/PEO is shifted a 
little bit due to PEO adsorption on hydrophobic CNT surface. The CM for CNT/water is 
deeper than that of CNT/water/PEO which indicates that free energy between the CNTs 
in water is more favorable than that in water/PEO. This favorable free energy would 
enhance CNT interactions and ultimately the tendency of aggregation.  
The PMF curves also contain the second minima referred to as ‘solvent-separated 
minima (SSM)’ at distances about 1.45d and 1.53d, corresponding to CNT/water and 
CNT/water/PEO systems respectively. SSM minima indicate that the possibility of 
entering water molecules at the specified locations between CNTs is more favorable for 
CNT/water than that of CNT/water/PEO systems. It can also be noted that the water-
separated configurations of hydrophobic CNTs become less favorable relative to the 
contact configurations with the addition of PEO to the CNT/water system.    
 The maximum in the PMF curve between the contact and solvent-separated 
minima is referred to as the desolvation maximum (DM) (Sobolewski, Makowski et al. 
2007). The DM is higher (approximately 1.42 kcal/mol) for CNT/water/PEO than 
(approximately -1.35 kcal/mol) that of CNT/water system. As seen from Figure 4, the 
heights and the positions of these DMs change significantly due to PEO addition to the 
CNT/water system. The appearance of a second desolvation barrier and a third minimum 
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(TM) is also clearly observed in case of CNT/water system. The four significant 
corresponding PMF configurations of CNT/water/PEO system are described in Figure 
6.7. 
 
 
Figure 6.6: Potential of mean force, W as a function of inter-atomic distance, r between 
the center of mass of CNTs for CNT/water (solid line) and CNT/water/PEO (dashed line) 
systems. 
 
1 3 2 4 
CM 
TM 
SSM TM 
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    (1)      (2) 
        
(3)                                         (4) 
Figure 6.7: Four different configurations of CNT/water/PEO systems showing the 
indicated PMF locations in Figure 6.6 for (1) contact minimum (CM), (2) desolvation 
maximum (DM), (3) solvent-separated minimum (SSM), and (4) third minimum (TM). 
Each configuration is taken from the equilibrated simulations during PMF calculations at 
500 ps intervals.   
 In summary, for CNT/water system, the behavior at larger CNT−CNT separations 
(i.e., >1.3d) is considerably different:  both the desolvation barrier and the SSM are 
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relatively weak, and the water-mediated force of interaction is attractive at even larger 
distances. The fact that PMF has a positive slope that does not approach a value of 0 at 
larger separations indicates a strong tendency to associate and form aggregates in the 
system. For CNT/water/PEO, at larger distance, the PMF is significantly different from 
that of CNT/water system. The CM is destabilized by 8.1 kcal/mol; the desolvation 
barrier moves inward by 0.15d and increases in height by approximately 10.5 kcal/mol. A 
significant SSM and a well-developed desolvation barrier appear due to PEO addition. 
Since the net change in WCM is very small, the significant changes in the overall nature of 
the PMF, especially those at larger distances, with the addition of PEO may not be 
sufficient to destabilize and dissolve the CNT aggregates. 
 
6.6 Effects of PEO Concentrations 
The effect of PEO concentration on CNT interactions in water/PEO systems are 
investigated with two armchair single-walled CNT (10, 10) and (a) 12-repeat unit  as 
shown in Figure 6.5 (b) 20-repeat unit PEO chains as shown in Figure 6.8. MD 
simulations were carried out for these systems at 310K temperature in the NPT ensemble. 
The intermolecular three point potential (TIP3P) model was employed (Price and III 
2004) to represent water molecules. The empirical CHARMM force field (MacKerell, 
Bashford et al. 1998) was used to describe inter-atomic interactions for all other 
molecules. Periodic boundary conditions with minimum image conventions were applied 
in all three spatial directions. 
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(a)              (b) 
Figure 6.8: Images (a) Initial  (b) equilibrium configurations of two CNTs and 
PEO of 20 repeat unit with 20 chains considered in potential of mean force calculations 
(for clarity water molecules is not shown) .  
 The computed PMFs between carbon nanotubes as a function of their separation 
are shown in Figure 6.9 for two different PEO concentrations in water. The PMF changes 
with the increment of PEO concentration. As compared with the PMF for 
CNT/water/PEO-12 RU system, we can see that the contact minimum (CM) shifts 
outward by about 0.03d and is destabilized by 6.2 kcal/mol; the desolvation barrier 
moves inward by 0.06d and decreases in height by approximately 5.5 kcal/mol. A 
significant solvent-separated minimum (SSM) is more prominent and moves inward by 
about 0.1d. Notable changes occur in the SSM configurations:  with 12 unit RU, the 
larger distance between the CM and the SSM indicates a possibility of CNT-separated 
configurations in the aggregate near the second minimum (SSM). However, with 
increasing PEO concentration, the distance between the CM and the SSM shortens 
indicating dissociated (i.e., water-separated) configurations at the SSM. Appearance of a 
second barrier and a third minimum is also observed. All of these four configurations are 
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described in Figure 6.10. This quantitative potential may be used to evaluate the 
formation of aggregates during dispersing CNTs in water.  Although the net change in 
WCM is small, the significant changes in the overall nature of the PMF, with the increment 
of PEO concentration, may not be sufficient to destabilize and dissolve the CNT 
aggregates. 
 
 
Figure 6.9: Potential of mean force, W as a function of inter-atomic distance, r between 
the center of mass of CNTs for CNT/water/PEO-12 repeat unit (RU) and 
CNT/water/PEO – 20 repeat unit systems. 
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    (1)      (2) 
        
(3)                                         (4) 
Figure 6.10: Four different configurations of CNT/water/PEO with 20 repeat units (20 
chains) systems showing the indicated PMF locations in Figure 6.9 for (1) contact 
minimum (CM), (2) desolvation maximum, (3) solvent-separated minimum (SSM), and 
(4) third minimum (TM). Each configuration is taken from the equilibrated simulations 
during PMF calculations at 10,000 time step intervals.   
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6.7 Solvent and PEO Contributions to CNT Interactions      
 In order to investigate the solvent and PEO contributions to the CNT interactions 
in aqueous solutions, molecular dynamics simulations are carried out with the biased 
method described in Section 2 for two CNTs in vacuum (case 3, Table 6.1) and 
CNT/PEO in vacuum (cases 4 and 5, Table 6.1) at 310K temperature in the NPT 
ensemble. The computational specifications are same as the previous sections.  
Figure 6.11 shows the comparison of the computed PMFs between the 
CNT(10,10)/water and CNT(10,10). It is clear that the interaction between CNTs in 
vacuum is very strong as the CM is deeper than that in water. Figure 6.11 presents also 
the water contribution to the PMF determined as a difference between the PMFs in water 
and in vacuum. As seen from Figure 6.11, the water contribution to the PMF has one 
maximum corresponding to the position of the desolvation maximum in the PMF curve 
for the CNTs in water.  It can be seen that the contribution to the PMF by the water 
solvent is purely a repulsion effect, which agrees very well with several published works 
such as Li et al.’s works on carbon nanoparticles in water (Li, Bedrov et al. 2006), 
Choudhury and Pettitt’s work on graphene in water,  (Choudhury and Pettitt 2006), and 
Li et al.’s on C60 fullerenes in water (Li, Bedrov et al. 2005) etc.  
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Figure 6.12 shows the PEO induced contributions to PMF determined as a 
difference between the PMFs in CNT/water/PEO and in CNT/water. It is clear that the 
PEO contribution to PMF is very weakly repulsive. As seen from Figure 6.12, the PEO 
contribution to the PMF has one maximum corresponding to the position of the 
desolvation maximum in the PMF curve for CNT/water/PEO and two minima 
corresponding to the positions of the desolvation maxima in the PMF curve for the CNTs 
in water.  It can be noted that PEO exhibits a weak long-range interactions because PEO 
chains weakly aggregate in aqueous solution as seen in Figures 6.2(b) and 6.8(b).  
Figure 6.11: Potential of mean force, W as a function of inter-atomic distance, r between 
the center of mass of CNTs in solvent and in vacuum: CNT (solid line), CNT/water 
(dashed line), and water (dotted line).  
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6.8 CNT/PEO Interactions in Vacuum 
 CNT/PEO interactions in vacuum are investigated with two armchair single-
walled CNT (10, 10) and 12-repeat unit (RU) and 20-RU PEO chains. The computed 
PMFs between carbon nanotubes as a function of their separation are shown in Figure 
6.12 for two different PEO concentrations in vacuum as well for two CNTs in vacuum. 
The PMF changes with the addition of PEO in vacuum where there is a little effect of 
PEO concentration on PMF except the contact minima (CM) for PEO-20 RU is deepened 
by about 8 kcal/mol. As compared with the PMF for CNT/vacuum and CNT/PEO-12 
Figure 6.12: Potential of mean force, W as a function of inter-atomic distance, r between 
the center of mass of CNTs: CNT/water/PEO (solid line), CNT/water (dashed line), water 
(dotted line), and PEO (long dashed line).  
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RU/vacuum, we can see that the CM (configuration 1) is deepened by about 21 kcal/mol 
indicating stronger interactions in vacuum; a significant PEO-separated minimum 
(configuration 3) is prominent at about 1.6d due to PEO chain layer in between the 
CNTs. The desolvation barriers (configuration 2) for both PEO cases occur at about 1.5d 
because of the fact that PEO chains tend to move in between CNTs. At the longer 
distance, PEO chains become stable in between CNTs and CNT interactions become 
weaker and weaker as the PMF tends to become zero. All of these four configurations are 
described in Figure 6.13. 
 
 
Figure 6.13: Potential of mean force, W as a function of inter-atomic distance, r between 
the center of mass of CNTs for CNT/PEO-12 repeat unit (RU)/vacuum, CNT/water/PEO 
– 20 RU/vacuum, and CNT/vacuum. 
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    (1)      (2) 
 
(3) 
Figure 6.14: Four different configurations of CNT//PEO – 20 RU (20 chains) in vacuum 
showing the indicated PMF curve locations in Figure 6.13 for (1) contact minimum 
(CM), (2) desolvation maximum, and (3) PEO-separated minimum. Each configuration is 
taken from the equilibrated simulations during PMF calculations at 10,000 step intervals.   
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6.9 Conclusions 
Molecular dynamics simulations were carried out to predict the effective 
interactions in terms of the PMF between two carbon nanotubes as a function of their 
separation distance in water/PEO and in vacuum/PEO. The effect of PEO polymer 
concentration on CNT interactions in water/vacuum as well as water and PEO induced 
contributions to the PMF were also investigated.  
In CNT/water system, the behavior at larger CNT− CNT separations (i.e., >1.3d) 
was considerably different:  both the desolvation barrier and the solvent-separated 
minimum are relatively weak, and the water-mediated force of interaction is attractive at 
even larger distances. For CNT/water/PEO, at larger distance, the PMF is significantly 
different from that of CNT/water system. A significant SSM and a well-developed 
desolvation barrier appear due to PEO addition. Since the net change in WCM is very 
small, the significant changes in the overall nature of the PMF, especially those at larger 
distances, with the addition of PEO may not be sufficient to destabilize and dissolve the 
CNT aggregates. 
The PMF changes with the increment of PEO concentration. As compared with 
the PMF for CNT/water/PEO-12 RU system, for CNT/water/PEO-20 RU we can see that 
the contact minimum (CM) is destabilized; the desolvation barrier moves inward and 
decreases in height. A significant SSM is more prominent and moves inward. Notable 
changes occur in the SSM configurations which indicate a possibility of CNT-separated 
configurations in the aggregate near the SSM. However, with increasing PEO 
concentration, the distance between the CM and the SSM shortens indicating dissociated 
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(i.e., water-separated) configurations at the SSM. Appearance of a second barrier and a 
third minimum is also observed.  
The contribution to the PMF by the water solvent is purely a repulsion effect, 
which agrees very well with several published works. The PEO contribution to PMF is 
very weakly repulsive and PEO exhibits a weak long-range interactions because PEO 
chains weakly aggregate in aqueous solution. 
PEO chains were found to be weakly adsorbed at the CNT surface and this 
adsorption behavior matches well with the experimental investigations reported in the 
literature on PEO adsorption onto a graphite substrate. In addition, it was clear that PEO 
chains form cluster where the notable feature is that the chain ends have the tendency to 
stick to other chain. These chain ends are the dominant factor driving PEO cluster 
formation because of hydrophobic forces on chain ends. This creates network structures 
where both ends are tethered or branched structures where only one end is tethered. This 
finding matches exactly with the experimental investigations. 
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7. MESOSCOPIC SIMULATIONS OF CNT INTERACTIONS IN WATER/ 
SURFACTANT SYSTEMS§
 
 
7.1 Overview 
 In this chapter, a multiscale modeling approach is presented to study the 
aggregation of the CNTs in the surfactant/solvent system via computations. In previous 
chapters, atomistic models were developed to describe the behavior based directly on the 
chemistry of the system of CNT/water/surfactant. These models are limited to small 
length scales (tens of nanometers) and over short time scales (tens of nanoseconds).  A 
multiscale methodology is required that uses the potential of mean force as a function of 
CNT separation and alignment computed in atomistic models to study aggregation over 
the length scale of hundreds of micrometers and over much longer effective times 
(microseconds to seconds). The results from atomistic models provide a potential of 
mean force describing the effective attraction between two solvated CNTs with the 
functional form of ( )φθ ,,rW . Given this function, in this chapter, we use a Monte Carlo 
method to determine the dispersion of multiple groups of carbon nanotubes in 
solvent/surfactant systems. The interaction energies of the mesoscopic model are 
estimated by mapping the corresponding energy values obtained from atomistic 
molecular dynamics simulations. The predicted CNT dispersion in water with/without the 
presence of surfactant considered is compared with previous experimental and atomistic 
simulation results. 
                                                 
§ Manuscript is in preparation to submit in, Journal of Physical Chemistry, March 2010 
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7.2 Introduction 
 Carbon nanotubes have a strong tendency to aggregate at parallel orientation to 
each other in water as well as in water/surfactant systems due to the strong van der Waals 
forces (Uddin, Capaldi et al. 2009). This tendency of CNT aggregation in aqueous 
solutions is hindering proper application of CNTs in many areas such biological systems, 
electronics, and especially advanced nanocomposite materials systems etc.  (Ko, Gogotsi 
et al. 2003; Zenga, Yua et al. 2008; Uddin, Ko et al. 2009).  Recent advances show that 
ultracentrifugating carbon nanotube dispersions stabilized by surfactants is a promising 
route for achieving the desired dispersion. For further perfectioning this procedure it is 
necessary to understand the aggregation characteristics of CNT dispersion at different 
length scales. A hierarchical procedure bridging the gap between atomistic and 
mesoscopic simulation for predicting surfactant aided CNT dispersion in liquid water is 
required. Many experimental studies (Islam, Rojas et al. 2003; Vaisman, Wagner et al. 
2006; Priya and Byrne 2008)have been conducted to understand the CNT aggregation 
behavior in water/surfactant system where there are very few studies concerned with the 
quantitative understanding of CNT aggregation in water/surfactant systems at the 
mesoscale level.  
Aguilera-Mercado et al. (Aguilera-Mercado, Herdes et al. 2006) carried out 
mesoscale simulations to study the aggregation of asphaltenes and resins in crude oils 
using molecular dynamics and Monte-Carlo methods. The asphaltene molecules are 
treated as discotic seven-center Lennard-Jonesium molecules, the resins are modeled as 
single spheres, and the surrounding crude oil is modeled as a continuum, characterized by 
a screening factor, and defined using a combination of its Hamaker and dielectric 
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constants. The parameters for the model were obtained by coarse-graining the potential 
energy surface obtained from model atomistic simulations of pairs of asphaltenes and 
resins. Canonical Monte Carlo simulations were performed with this model, and effects 
of temperature, asphaltene, and resin concentration were studied parametrically.  
Bigerelle et al. (Bigerelle, Haidara et al. 2006) (2006) studies the mesoscopic (µm 
scale) aggregation networks of gold nanoparticles on a methyl/amine terminated surface 
(CH3/NH2) using Monte-Carlo method. The aim of this chapter is to present an original 
method of images identification and validate it on well identified structures. A Monte 
Carlo simulation was performed to model nanocolloid aggregate patterns from a 
microscopic scale. They showed that a two state Pott-like model including inactive 
diffusion sites permits to reproduce these structures.  
The only known mesoscopic modeling study conducted by Tucknott et al. 
(Tucknott and Yaliraki 2002) is based on a metropolis based Monte Carlo scheme to 
study the carbon nanotube alignment on a free surface in a vacuum. With their basic 
potential function, they were able to map aggregation on a surface as a function of carbon 
nanotube composition. However, their simple potential function accounts only for 
energetic interactions and not the entropic effects and solvent effects on CNT interaction. 
Following the above study, in this chapter, we greatly improve on this work by 
using a potential of mean force correctly parameterized for the given solvent, proper CNT 
orientation, and surfactant determined from the atomistic simulations. We investigate the 
effect of CNT concentration, temperature, and surfactant addition on CNT aggregation in 
water.  We are interested in CNT aggregation in the liquid state for three reasons: 1) It is 
our observation that aggregation in the solution will persist through the nanocomposite 
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process and into the final material; 2) These predictions may be easily verified 
experimentally using the light scattering techniques providing feedback on model 
validity; 3) Aggregation in the solvent state is important in the formation of many other 
nanocomposite materials and this methodology is easily applicable to these systems. 
 
7.3 Simulation Details 
We consider individual single-walled nanotubes (SWNTs) as one-dimensional 
hollow rods of length L, same as considered in atomistic models (~2.67 nm). We choose 
a (5,5) equivalent structure since the potential correlation for this type is developed in 
Chapters 4 and 5. We consider the attractive and repulsive interactions between nanotube 
pairs and each individual nanotube. It is the van der Waals interactions that govern the 
aggregation behavior in water/surfactant systems. Here, we restrict the discussion to the 
effective pair potential; that is, we disregard interactions of three and higher order body 
forces. We take the cut-off for interaction at 3 nm. The simulation cell dimension (x× y× 
z) is (30×30×30) nm3. Periodic boundary conditions were applied in all three spatial 
directions.  In the simulation cell only CNTs are generated randomly and water/surfactant 
molecules are considered indirectly through the potential function.  Simulations are 
carried out in a canonical (NVT) ensemble. The simulation is carried out for 107 Monte 
Carlo (MC) steps and during the simulation, every 10,000 MC step, the trajectories are 
saved and analyzed. A total of 4 cases as listed in Table 7.1 is considered to explore the 
CNT aggregation in water/surfactant systems at the mesoscale level with the same 
simulation cell size. 
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Table 7.1 Mesoscopic simulation cases studied 
Number 
of 
Cases 
Simulation Cell 
Constituents 
Volumetric 
CNT 
Concentration 
Temperature 
(K) 
3 CNT/water 
5% 
310 10% 
15% 
1 CNT/water/surfactant 5% 310 
 
7.4 Description of Equilibrium Systems 
 
The thermodynamic parameters such as total potential energy of the system and 
temperature were monitored during each simulation case to observe the simulation 
accuracy. Energy and temperature data were saved after each 10,000 steps and analyzed 
here. The variation of total energy and temperature were found to be consistent as what 
expected. Initially the CNTs are generated randomly in the simulation cell as shown in 
Figure 7.1 (a) and after sufficient number of steps the equilibrium configuration is 
obtained (Figure 7.1 (b)).  
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(a) Initial 
 
(b) Equilibrium 
Figure 7.1: Images (a) Initial (b) equilibrium configurations of 300 CNTs (5% 
volumetric concentration) in water (water molecules are considered through potential). 
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7.5 Results and Discussion  
 
 Monte-Carlo simulations are carried out to study the aggregation of the CNTs in 
the water/surfactant systems by taking the input potential of mean force (PMF) from 
atomistic simulations to describe the pair wise interaction between CNTs. Except CNTs, 
other molecules (water/ surfactant) are considered indirectly via PMF. Only CNT 
molecules within cut-off distance of 1.2 nm contributed to calculated energy. NVT 
ensemble: No. of particle and density (ρ) are constant. To quantify the CNT cluster sizes 
observed during the simulation each tube was considered geometrically and energetically 
related to every other tubes to determine whether the tubes are paired:   rcom < r separation. 
The value of separation distance is approximated based on the respective PMF 
calculations of CNT/water or CNT/water/surfactant system in atomistic simulations.  
For each case, in order to characterize the CNT aggregation, the probability of 
forming a cluster is calculated for each tube in each frame (each frame was taken after 
10, 000 steps) during the simulation. The calculated cluster size distribution is given in 
Figure 7.2 for the first case. The cluster size in horizontal axis indicates the respective 
number of CNTs in one cluster. We can see that CNTs forming big clumps of different 
sizes cluster ranging from 6-20 where the most probable big one is 10. The cluster size 
beyond (x-axis value) 20 is not shown as the cluster size greater than 20 was observed 
minimal. 
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Figure 7.2: The probability distribution of cluster size observed during the Monte 
Carlo simulation of 300 CNTs in water averaged over all frames.  
The cluster size distribution for different CNT concentrations is shown in Figure 
7.3. The cluster size in horizontal axis indicates the respective number of CNTs in one 
cluster. Figure 7.4 illustrates the initial and equilibrium configurations corresponding to 
the cluster size distributions given in Figure 7.3. We can see that cluster size increases as 
the CNT concentration increase in water. Higher CNT concentration contributes the 
bigger CNT aggregates in water.   
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Figure 7.3: The probability distribution of cluster size observed during the Monte 
Carlo simulation of 300, 600, and 900 CNTs in water averaged over all frames. In inset 
two zoomed areas of the plot are shown. 
 
    
          (a)  Initial (10% CNT)   (b) Equilibrium (10% CNT) 
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          (a)  Initial (15% CNT)   (b)   Equilibrium (15% CNT) 
Figure 7.4: Images of initial and equilibrium configurations of 600 CNTs [10% 
volumetric concentration, (a) and (b)] and 900 CNTs [15% volumetric concentration, (c) 
and (d)] in water (water molecules are considered through potential). 
A Monte-Carlo simulation is carried out to investigate the effect of surfactant 
addition in CNT/water system by considering 300 CNTs at room conditions. The 
surfactant and water molecules are considered indirectly via potential function obtained 
from atomistic simulations. Figure 7.5 illustrates the calculated CNT cluster size 
distribution in water/surfactant system as compared with that in water system. The 
corresponding equilibrium configurations are given in Figure 7.6. The probability of 
observing small cluster sizes increases due to the addition of surfactant, SDS. SDS 
reduces the big CNT clumps observed in CNT/water system. This further confirms the 
atomistic model predictions of CNT aggregation in aqueous medium.  The cluster size 
distribution curves will be smoothed if the simulations can be run for many number of 
steps.   
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(a) Cluster size from 2-20 
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(b) Cluster size from 50-120 
Figure 7.5: The probability distribution of cluster size observed during the Monte 
Carlo simulation of 300 CNTs in water and water/surfactant (SDS) system averaged over 
all frames. The comparison of cluster sizes at two different ranges (a) 2-20 and (b) 50-
120 observed during the simulations. 
    
(a)  Equilibrium (5% CNT in water)  (b)   Equilibrium (5% CNT in water/SDS) 
Figure 7.6: Images of equilibrium configurations of 300 CNTs [5% volumetric 
concentration, (a) in water and (b) in water/surfactant (SDS). 
 
7.6 Conclusions 
Monte Carlo simulations were carried out to predict the CNT dispersion in water 
and water/surfactant systems. The potential that describes the interactions between CNTs 
is obtained from the developed correlations for the effective potential of mean force 
(PMF) between two carbon nanotubes as a function of their separation distance and 
orientation in water (Chapter 4) and water/surfactant (Chapter 5) systems. The meso-
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scale ordering of large number of CNTs in water and water/surfactant systems was 
investigated by determining the probability of observing a given cluster size in the 
system considered. The effect of CNT concentration in water and surfactant addition on 
CNT cluster size was also predicted. In water, the increment of CNT density contributes 
large clump of CNTs. The addition of surfactant reduces the CNT aggregate in water. 
The preliminary mesoscopic modeling of CNT dispersion in aqueous medium has been 
initiated and need to be extended further in order to compare with the experimental 
investigations of CNT distribution in water and water/surfactant systems in future.  
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8. EXPERIMENTAL STUDY OF SURFACTANT AIDED CNT DISPERSION IN 
POLYMER NANOCOMPOSITE FIBER**
 
  
8.1 Overview  
An experimental study is conducted to explore the effect of carbon nanotube (CNT) 
dispersion in obtaining CNT reinforced polymer nanocomposite micro-structure. CNTs 
are dispersed into polyacrylonitrile (PAN) polymer solution using surfactant aided 
dispersion technique with dimethylformamide (DMF) as a solvent. Then continuous 
nanocomposite yarns are assembled through the drum-tape co-electrospinning process to 
facilitate the translation of CNT properties to higher order structures. We explore the 
dispersion of CNT in polymer matrix, the process of obtaining continuous yarn, and the 
surface morphology and mechanical property of nanocomposite yarn. Mechanical 
properties are characterized using micro-tensile tester. SEM (Scanning Electronic 
Microscope) is used to investigate the structural morphology and fiber distributions in the 
nanofiber yarns. Optical microscope and Raman Spectroscopy are used to justify the 
dispersion qualitatively and the presence and alignment of CNT in nanofiber yarns. A 
promising addition to the advanced materials can be emerged with the fabrication of 
(CNT) reinforced composite yarn by the noble process electrospinning. 
 
                                                 
**Results presented in this section  are published as “Process, Structure, and Properties of Electrospun 
Carbon Nanotube Reinforced Nanocomposite Yarns”, Uddin, N. ; Ko, F. ; Capaldi, F. ; Jie, X. ; and 
Farouk, B., Research Letters in Materials Science, 2009 
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8.2 Fabrication of CNT Reinforced Polymer Nanofiber Yarn 
8.2.1 Introduction 
 A new class of engineered nanomaterials with superior properties (modulus of 
about 1.0 TPa (Bonard JM 1999)),  has emerged due to the discovery of carbon 
nanotubes (CNTs) by Iijima in 1991 (Iijima 1991). The fabrication of carbon nanotube 
(CNT) reinforced nanocomposite yarn is a promising addition to advanced composite 
materials. There are many promising applications for CNT reinforced continuous 
polymer yarns. The creation of such continuous yarns would enable macroscopic 
nanotube devices and structures to be constructed using polymers as a matrix. While the 
yarn tends to have a micron scale diameter, it is composed of numerous nano-scale fibers 
naturally twisted together during processing. The process outlined in this paper could 
potentially lead to large scale production of nanofiber reinforced planar and 3-D fibrous 
structures such as woven, knitted, and braided fabrics, creating multiscale structures with 
optimized nano- and macro-structures. It can also be extended to obtain CNT reinforced 
carbon fiber from the continuous polymer yarn. Donnet and Qin(Donneta and Qin 1992; 
Donneta and Qin 1993) showed that the properties of carbon fibers are mainly 
determined by the spinning procedure of precursor, rather than the precursor materials. 
This study emphasizes the process, structure and properties of obtaining continuous 
polymer yarn which could be used as precursor to obtain carbon fiber.      
 Electrospinning is a process by which ultrafine fibers with diameter on the 
nanometer length scale can be manufactured. Fibers are drawn using electrostatic forces 
from a polymer solution. Fiber diameter may be adjusted by varying the electric field 
strength and polymer solution concentration, whereas the duration of electrospinning 
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controls the thickness of the deposited fiber mat (Daltona, Kleea et al. 2005). Commonly, 
nanofibers are collected in the form of 2-D fibrous nonwoven mats, linear fiber 
assemblies (yarns) can be produced. It has been shown by Ko et al. (Ko, Khan et al. 
2002; Ko, Gogotsi et al. 2003) that nanofibrous yarns, can be directly produced from the 
electrospinning process under well controlled processing conditions for some polymers. 
Few research studies have focused on the creation and testing of CNT reinforced polymer 
composite yarns. Fennessey and Farris (Fennessey and Farris 2004) demonstrated the 
production of continuous yarns from electrospun PAN nanofibers using an electric 
twister. The process allowed the testing of the effects of twist on the properties of the 
yarn. Dalton et al. (Daltona, Kleea et al. 2005) described the formation of electrospun 
poly(caprolactone) (PCL) fibers between two collection rings and the conversion of these 
fibers into a multi-filament yarn. They were able to obtain up to 50 mm long yarn. Smita 
et al.(Smita, Bu˝ttnerb et al. 2005) described a technique for making continuous uniaxial 
fiber bundle yarns from electrospun fibers for very small scale production. Jiang et al. 
(Jiang, Li et al. 2002) showed that carbon nanotubes can be self-assembled into yarns of 
up to 30 cm in length simply by being drawn out from super aligned arrays of carbon 
nanotubes. It is essential to better understand the process, structure, and properties of the 
composite yarn (Jin, Bower et al. 1998; Theron, Zussman et al. 2001; Jiang, Li et al. 
2002; Dror, Salalha et al. 2003; Ko 2003; BREUER and SUNDARARAJ 2004; 
Fennessey and Farris 2004; Smita, Bu˝ttnerb et al. 2005; Xie, Maia et al. 2005).  
 A drum-tape electrospinning system has been developed in our laboratory for the 
creation of continuous yarn from electrospun nanofibers. The current study demonstrates 
the successful creation of continuous yarn, characterizes the level of dispersion of CNTs 
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in the polymer matrix, the surface morphology, and the mechanical properties of 
nanocomposite yarns.   
 
8.2.2 Description of the Process 
 The process has been developed based on the concept of properly integrating 
CNTs into a polymer micro structure. Since the CNT properties are highly anisotropic 
and reinforcement effects mainly depend on the proper CNT alignment in the matrix, the 
process of obtaining nanofiber is adopted. In nanofiber, CNTs are aligned due to the 
effects of confinement, electrostatic inducement, and shear inducement during the 
eleltrospinning process. The next concept is to obtain a continuous microstructure with 
properly aligned CNT reinforced nanofibres. To address this concept, the conventional 
process of obtaining yarn from linear assembly of fibers is adopted as shown as in Figure 
10. This process mainly consists of three subprocesses – spinning dope preparation (i.e., 
obtaining CNT dispersed polymer solution), electrospinning of CNT/polymer solution, 
and collection of CNT reinforced polymer nanofiber as shown in the process flow-chart 
in Figure 11. Dispersion of CNTs in polymer solution is the common sub-process for 
many polymer nanocomposite materials. 
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Figure 8.1: Schematic of CNT reinforced nanocomposite fiber processing via co-
electrospinning process. 
  
Figure 8.2:  Process flow-chart of CNT reinforced nanofiber processing  
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Based on the concept described above, the drum-tape electrospinning system has 
been developed in our laboratory as shown in Figure 11. Figure 11(a) shows the 
developed electrospinning station isolated from the surroundings and connected with an 
exhaust system. Figure 12(b) describes the drum-tape electrospinning process setup 
showing the rotating drum and nozzle setup on both sides of the drum. In this system, a 
non-woven mat of nanofibers is collected on aluminum foil/fabric tape wrapped on the 
rotating drum. Single syringe and multiple-syringe electrospinning that were configured 
on the both sides of drum respectively as shown in figure 2 to obtain the uniform 
distribution of nanofibers along the drum.  
 
(a)  Electrospinning station                  (b) Drum-tape electrospinning process setup 
Figure 8.3. Electrospinning station and drum-tape electrospinning process set up 
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Figure 8.4. Dimensional configuration of the process 
The entire process of obtaining continuous yarn is illustrated by the process flow-
chart shown in Figure 3. In this process, the drum is prepared by wrapping it with 1.0 
inch aluminum foil strip in order to collect the electrospun fiber. After depositing enough 
nanofibers on the strip by electrospinning of the CNT-polymer solution, aluminum strip 
with the deposited aligned nanofiber is separated from the drum. Finally, the electrospun 
aligned nanofiber strip (sliver) is peeled off from the aluminum foil and twisted to make 
yarns (a linear assembly of fibers).   
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Figure 8.5: Process flow chart of obtaining continuous nanofiber yarn 
 
8.2.3 Description of the Experiment 
8.2.3.1 CNT Dispersion and Solution Preparation 
1% MWNT (Multi-walled Carbon Nanotube) is dispersed in Dimethyl-formamide 
(DMF) solvent by sonication and 10% PAN is added to the CNT/DMF by stirring. 1% of 
nonionic surfactant (polyethylene glycol, PEG) was added to  decrease the agglomeration 
and improve  the dispersion of the CNT as suggested by Vaisman et al. (Vaisman, 
Wagner et al. 2006) and Pana et al.(Pana, Gea et al. 2007).  After measuring the proper 
weight percentage, solutions were prepared by dispersing the CNT in DMF with 
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magnetically stirring for 6 hours.  After 4 hrs of sonication surfactant PEG was added to 
prevent CNT agglomerations. PAN powder was divided into multiple portions and slowly 
added to the dispersion over a 10 min. interval. The total concentration of CNT, PEG, 
and PAN in solution was 10 wt. %.  Adjustments in the amount of CNT, PEG, and PAN 
were necessary in order to obtain the appropriate loading of CNT in the final fiber.  The 
CNT/PAN/DMF solution was stirred for an hour before spinning. A concentration of 10 
wt. % PAN was dissolved in DMF and magnetically stirred under heat (60º C) for 1 hour 
to make pure PAN/DMF solution. 
 
8.2.3.2 Drum-tape Electrospinning process and parameters 
 The drum was prepared by wrapping it with 1 inch tape fabric to make the 
electrospun nanofiber slivers by depositing nanofibers on it. The homogenously mixed 
solution was transferred to a glass pipette mounted horizontally by pumping machine in 
the electrospinning station shown in Figure 1.  The whole process of obtaining 
continuous yarns is illustrated by the process flow-chart shown in Figure 3. The distance 
between the tip of the pipette and the drum was adjusted to 15 cm.  A voltage of 22 KV 
was applied to the solution to start the production of continuous nanofiber yarns.  The 
flow rate and drum surface speed were maintained at 0.005 ml/min and 6 cm/s. After 
spinning for 10 hours, the fabric tape with nanofiber mats was removed from the drum 
and sliver was prepared by taking out the 1 inch fiber mat from the fabric. Finally, the 
sliver was twisted (3 TPI) using the twister to obtain continuous yarn which is then 
characterized by the Optical microscope, ESEM, and Raman Spectroscopy. 
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8.3 Results and Discussion  
CNTs are dispersed into polyacrylonitrile (PAN) polymer solution using 
dimethylformamide as a solvent and then assembled into a continuous nanocomposite 
yarn through the drum-tape co-electrospinning process. The linear density distribution of 
nanofibers along the drum was examined. Figure 4 demonstrates that near the center of 
the drum, the fiber deposition was higher when spun with a single syringe as shown in 
Figure 2(a) than that with the multiple syringes. A uniform distribution was obtained with 
fibers spun using multiple syringes as shown in Figure 2 (b).  
 
Figure 8.6: Linear density distribution of nanofiber yarn in case of single syringe 
 SEM (Scanning Electronic Microscope) was used to investigate the structural 
morphology of CNT reinforced PAN nanofiber yarns formed with and without a 
surfactant added to the polymer solution.  
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Specification for SEM: Phillips XL-30 field emission environmental microscope (ESEM) 
was used to analyze the surface morphology of the nanofiber yarns. Observations were 
carried out at a 10 kV accelerating voltage, a spot size of 3, and a 12 mm working 
distance. These settings are recommended for examining polymeric materials since 
higher energy or larger spot can burn the sample. A 1 cm length yarn was from the 
continuous yarn and mounted flat on a 0.5″ diameter aluminum holder using a carbon 
conductive tape (NEM Tape, Nissin EM Co. Ltd.) as shown in Figure 8.7 below.  
  
 Figure 8.7: Phillips XL-30 field emission environmental microscope (FESEM) at Drexel 
University (SEM sample mounting on the right). 
 A Denton Vacuum Desk II sputtering machine was used to deposit a thin coating 
of gold on the sample surface. The samples were sputtered for 60 seconds at 40 amps. 
The gold sputtered samples were then examined by the ESEM. Micrographs of the yarn 
specimens were taken at 21x magnification. 
 Figure 8.8(a) has poor CNT dispersion of CNT reinforced PAN yarn spun without 
surfactant and we can see that much of it has aggregated on the surface and lends no 
reinforcement to the matrix.  Figure 8.8 (b) was spun from PAN with surfactant and has 
improved dispersion characteristics. The zoomed view of nanofibers we can see from 
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Figure 8.9. Both samples contain the same filler concentration (1 wt %). These fibers 
were tested in tension to investigate the mechanical response using the Kawabata KES-
G1 tensile tester where we used an extension rate of 0.2 mm/s and gage length as 40 mm. 
The specimen of nanofiber yarn was prepared as shown in Figure 8.10. A paper frame 
with proper dimension was used for mounting the nanofiber yarn sample between the 
jaws of the tester. 
 
(a) 
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Figure 8.8: SEM images show the surface morphology of CNT reinforced PAN yarn (a) 
poor dispersion (b) improved dispersion. 
 
  
Figure 8.9: SEM images of CNT reinforced composite nanofiber yarn showing the 
nanofibers at low magnification 
 
 
(b) 
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Figure 8.10:   The specimen of nanofiber yarn for tensile test  
  
The stress-strain relationship for MWCNT reinforced composite yarn is shown in Figure 
8.11. The pure PAN nanofibers tensile strength is about 46 MPa which is quite 
reasonable as compared with the measurements of Wang et al.(Wang, Zhang et al. 2008). 
It can be observed that the strength of CNT reinforced PAN nanofiber yarn is reduced by 
about 40% in the case of poor CNT dispersion into polymer. This guided us to improve 
the CNT dispersion with the addition of a surfactant. The yarn tensile strength increases 
by about 35% due to MWCNT reinforcement in the PAN polymer with surfactant-aided 
CNT dispersion. The mechanical properties of the well dispersed sample are improved 
relative to those of the poorly dispersed sample. Both toughness and the yield strength 
were increased significantly by improving dispersion. From this, we can see that 
4 cm 
0.5 cm 
0.5 cm 
Adhesive 
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dispersion must be controlled to optimize the reinforcement value for a given volume 
fraction of nanofiller. 
 
Figure 8.11:  Stress-strain relationship for CNT reinforced composite yarn 
 
 The dispersion quality of CNT-polymer solution was determined by the optical 
microscope in the liquid state by collecting CNT-polymer solution on the glass-slide. 
Figure 8.12(a) shows the image of CNT dispersed PAN polymer solution without added 
surfactant. The surfactant-aided CNT dispersed PAN polymer solution image is shown in 
Figure 8.12(b). It was observed that the addition of surfactant decreased the CNT 
aggregates providing the smooth surface and ultimately improved dispersion.  
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(a) PAN/CNT/DMF (poor dispersion) 
 
(b) PAN/CNT/DMF/PEG (improved dispersion) 
Figure 8.12: Optical microscope pictures (10x) of PAN/CNT dispersion 
 
 The presence and alignment of CNT in nanofiber yarns (Figure 8.13) were 
confirmed by using the polarized Raman Spectroscopy (Renishaw RM1000).  Raman 
spectra was collected and analyzed for MWCNT, MWCNT-PAN nanofiber, and PAN 
nanofiber laid on a clean glass. Figure 8.13 demonstrates that the Raman band for 
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MWCNT exists in the CNT reinforced PAN nanofiber indicating the reinforcement of 
MWCNT in the PAN nanofiber.  
 
Figure 8.13: Raman spectra for CNT reinforced PAN yarn describes the presence of CNT 
in nanofiber 
 To illustrate the CNT alignment in nanofiber, the aligned nanofiber tows (the 
formed untwisted nanofibers in close proximity to one another), obtained from the sliver, 
Figure 8.5, were laid flat on a cleaned glass slide and then fixed on a rotating stage of 
Raman Spectrometer. This rotating stage was mounted on the microscope stage to allow 
rotation of the fibers relative to the incident light.  The sample was first aligned parallel 
to the incident light and images were obtained at 0° and 90°.The CNT-alignment analysis 
was carried out using a 514.5 nm (Ar ion laser) excitation wavelength operating at 10% 
power. Figure 8.14 illustrates that the Raman spectra (VV configuration) from the same 
location on the sample taken at two different angles (θ) relative to the incident light.  
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 When the light was polarized along the length of the nanotube, the intensities at 
all modes are at maximum (θ = 0°) and decreases when deviates from parallel, and 
eventually becomes minimum at θ = 90°.   The decrease in intensity of the Raman signal 
as the relative angle between the polarized light and the tube axis increases suggested a 
high degree of MWCNT alignment in the nanofibers axis. It is hypothesized that that the 
alignment of the CNTs in nanofiber occurs through three mechanisms: flow, 
confinement, and charge induced alignment during the electrospinning process. This 
study concludes that in order to exploit the properties of CNTs in the nanocomposite 
micro-structure, it is essential to better understand the process, structure, and properties 
of the composite yarn (L. Jin 1998; Theron, Zussman et al. 2001; Jiang, Li et al. 2002; 
Dror, Salalha et al. 2003; Ko, Gogotsi et al. 2003; BREUER and SUNDARARAJ 2004; 
Fennessey and Farris 2004; Smita, Bu˝ttnerb et al. 2005; Xie, Maia et al. 2005). 
 
Figure 8.14: Raman spectra for CNT reinforced PAN yarn describes the alignment of 
CNT along the nanofiber’s axial direction. 
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8.4 Conclusions 
The experimental study has successfully demonstrated that CNTs can be 
incorporated in electrospun nanofibers. Nanofibers with aligned CNTs can be used to 
obtain continuous composite yarn.  The drum-tape co-electrospinning process provides 
an important pathway to translate the properties of the nanoscale CNT to the macroscopic 
structures. It is clear that CNT load transfer into polymer matrix is dependent upon the 
degree of dispersion which needs to be explored further. It is also clear that dispersion 
quality in liquid state may remain the same in the final nanocomposite materials and 
hence the key challenge is to understand the CNT dispersion in liquid state.  
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9. CONCLUDING REMARKS 
 
9.1. Summary and Research Contributions 
In this study, a detailed atomistic model was developed to investigate the 
interactions between carbon nanotubes in water, water/surfactant, and in polymer/water 
systems. A multiscale modeling approach is also developed by taking the calculated 
governing interaction potential energy from the atomistic model to a mesoscale Monte-
Carlo model. All parameters such as CNT length, diameter, orientation, surfactant type 
abd concentration, water soluble polymer, and polymer concentration etc. associated with 
surfactant-aided CNT dispersion in liquid medium are studied by simulations. 
• First, Atomistic simulations were carried out to calculate the effective interactions 
between CNTs in  water systems using MD method  
–  Strong interactions 
– PMF varies linearly with CNT length 
were found in case of parallel orientation of CNTs and 
in absence of surfactant: in turn may attribute poor dispersion 
– Strongest interactions were observed for  large CNT diameter  
–  The entropic and enthalpic contributions to the PMF were also calculated 
from the temperature dependence of the PMF. This study confirms the 
theoretical picture of the hydrophobic interactions of CNTs in water. 
Specifically, it was found that contact (solvent excluding) configurations 
are entropically stabilized where solvent-separated configurations are 
enthalpically stabilized or show entropy-enthalpy compensation or 
cancellation. The stabilization of the contact minimum state is mainly due 
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to an increase in entropy arising from the expulsion of the highly 
structured water layer from the inter-CNT region. Understanding these 
thermodynamic behaviors may help in explaining CNT aggregation 
phenomena observed in many solvent systems. 
    
• Atomistic simulations were carried out to calculate the effective interactions 
between CNTs in  water/surfactant systems using MD method  
–  The addition of surfactant reduced the strength of CNT interactions 
– A small amount of surfactant can attribute to 
in 
water.  
– The chemical structure of surfactant can have significant effect in CNT 
interaction. 
weaker interactions and in 
turn good dispersion.  
– SDBS surfactant is more effective by an order of more than 10 in reducing 
the strength of CNT interactions than SDS surfactant
– The strength of the CNT interactions becomes weaker and weaker with the 
incremental distance and deviation of faces between CNTs.  
   
 
• Molecular dynamics simulations were carried out to predict the effective 
interactions in terms of the PMF between two carbon nanotubes as a function of 
their separation distance in water/polymer (polyethylene oxide), PEO and in 
vacuum/PEO. The effect of PEO polymer concentration on CNT interactions in 
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water/vacuum as well as water and PEO induced contributions to the PMF were 
also investigated.  
– In CNT/water system, the behavior at larger CNT−CNT separations (i.e., 
>1.3d) was considerably different:  both the desolvation barrier and the 
solvent-separated minimum are relatively weak, and the water-mediated 
force of interaction is attractive at even larger distances. For 
CNT/water/PEO, at larger distance, the PMF is significantly different 
from that of CNT/water system. A significant SSM and a well-developed 
desolvation barrier appear due to PEO addition. Since the net change in 
WCM is very small, the significant changes in the overall nature of the 
PMF, especially those at larger distances, with the addition of PEO may 
not be sufficient to destabilize and dissolve the CNT aggregates. 
– The PMF changes with the increment of PEO concentration. The contact 
minimum (CM) is destabilized; the desolvation barrier moves inward and 
decreases in height. A significant SSM is more prominent and moves 
inward. Notable changes occur in the SSM configurations which indicate a 
possibility of CNT-separated configurations in the aggregate near the 
SSM. However, with increasing PEO concentration, the distance between 
the CM and the SSM shortens indicating dissociated (i.e., water-separated) 
configurations at the SSM. Appearance of a second barrier and a third 
minimum is also observed.  
– The contribution to the PMF by the water solvent is purely a repulsion 
effect, which agrees very well with several published works. The PEO 
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contribution to PMF is very weakly repulsive and PEO exhibits a weak 
long-range interactions because PEO chains weakly aggregate in aqueous 
solution. 
– PEO chains were found to be weakly adsorbed at the CNT surface and this 
adsorption behavior matches well with the experimental investigations 
reported in the literature on PEO adsorption onto a graphite substrate. In 
addition, it was clear that PEO chains form cluster where the notable 
feature is that the chain ends have the tendency to stick to other chain. 
These chain ends are the dominant factor driving PEO cluster formation 
because of hydrophobic forces on chain ends. This creates network 
structures where both ends are tethered or branched structures where only 
one end is tethered. This finding matches exactly with the experimental 
investigations. 
• Finally, mesoscle simulations are carried out to investigate the effect of CNT 
concentration and surfactant addition on CNT aggregation in water using a 
potential of mean force correctly parameterized for the given solvent, proper CNT 
orientation, and surfactant determined from the atomistic simulations. It was 
found that CNT aggregate sizes increase as the density of CNT increases in water 
and the surfactant addition contributes to reduce the aggregate size.  
 
9.2. Recommendations for Future Work 
 Carbon nanotube interactions (i.e. dispersions) in liquid medium have applications 
in a wide range of industrial processes and create challenging problems. Several research 
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problems in this area remain which require further investigation to fully explore the 
nature of their underlying physical characteristics. 
• The mesoscopic model could be extended based on the preliminary modeling 
work in order to predict and compare with the experimental investigations of the 
CNT dispersion in various systems.   
• An interesting extension of the atomistic model would be the investigation of 
multi-walled nanotubes interactions in different solvents/surfactants/polymers 
systems. 
• Experimental studies to quantify the CNT interactions and validate the mesoscale 
model. 
• From the real world’s applications point of view, the coupling of mesoscale 
model with a continuum level model would be an interesting extension.  
•  For many important biomedical applications, atomistic model can be extended to 
predict the heat and mass transport phenomenon through CNTs 
• Optimize the surfactant-aided CNT dispersion process schedule. The careful 
selection of solvent, surfactant, CNT (diameter), polymer, and temperature etc. 
are needed to obtain optimum CNT dispersion.  
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